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III. Abstract 
Limited reserves of fossil fuels and environmental impact on CO2 emissions motivate 
the research and development of fuel alternatives produced from renewable 
bioresources. A key-step in biofuel production is the chemo-enzymatic 
depolymerization of cellulose in order to release fermentable sugars under mild 
conditions. However, physico-chemical pretreatments must be applied to increase 
the solubility of cellulose prior to enzyme degradation. The use of ionic liquids (IL) 
was reported to decrease the cellulose crystallinity thus increasing the availability of 
cellulose for enzymatic degradation. First generation of ionic liquids were expensive, 
not biodegradable and/or have a high environmental factor, thus deep eutectic 
solvents (DES) have emerged as an alternative solvent to ILs. DES show similar 
properties as ILs, with the advantage of being biodegradable and cost-effective. 
Furthermore, process economics can be improved by using non-purified effluents 
(e.g. concentrated seawater) for pretreatment in biorefineries. 
Regardless of the salts used (e.g. from seawater, ILs, or DES) it is challenging to find 
cellulases that operate efficiently under high salt conditions. Cellulase CelA2 was 
isolated from a biogas plant metagenome library and revealed an outstanding 
endoglucanase performance in ionic liquids. Therefore CelA2 was chosen as a 
suitable candidate for further improving the resistance and activity in salty effluents 
by a directed evolution campaign. 
For directed cellulase evolution, a novel fluorescence based microtiter plate 
screening system was developed. CelA2 variants with improved performance were 
identified from random mutagenesis libraries (epPCR), and further analysis showed 
that amino acid position 288 was the key residue for increased resistance and 
specific activity. 
In a subsequent directed evolution campaign, a novel CelA2 variant was identified, 
which showed a marginal activity compared to wild type, which dramatically 
increased by adding IL, DES or NaCl. Based on Molecular Dynamics analysis a 
potential mechanism for this salt-activation was proposed. 
Furthermore, a novel method for directed evolution was established, which inverts 
the classic MEGAWHOP strategy by introducing random mutations in the desired 
expression vector (epMEGAWHOP). This method can be used as a rapid and 
straightforward alternative for increasing protein expression in iterative rounds of 
epMEGAWHOP which is not limited by the enzyme type or expression vector. 
Part I: General introduction 
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Part I: General introduction 
1. Protein engineering and directed evolution 
Enzymes are proteins which can initiate and/or catalyze a myriad of biochemical 
reactions in living organisms (e.g. oxidation, hydrolysis, and ligation) ensuring their 
survival. Enzymes work in organisms mostly under mild conditions, like ambient 
temperature and neutral pH. Furthermore, enzymes can fulfill more specific functions, 
like determining efficiency, chemo-, regio- and stereospecific for different catalytic 
reactions. In industrial applications, these chemically unique properties can play a 
pivotal role, because they can accelerate reaction rates by orders of magnitude, 
having the potential for the production of compounds which are traditionally made by 
chemical synthesis (Benkovic, Hammes-Schiffer 2003). 
By using enzymes, the energy, material consumption and waste production in 
chemical synthesis can be reduced and the process can be simplified by performing 
it in aqueous media (Zagrebelny 2005). Due to this advantage, many applications in 
several industrial branches (e.g. laundry detergent, bread and textile industries) have 
seen the replacement of chemical catalysts by enzymatic ones. One example is the 
use of proteases and cellulases replacing the use of phosphate in laundry 
detergents. Another case is the treatment of wool in the textile industry, where 
pectinases have risen as an alternative for sodium hydroxide. The number of 
enzymes which are employed in industrial applications increased over the last three 
decades exponentially (Schmidt-Dannert 2001; Kirk et al. 2002). However, the use of 
naturally occurring enzymes (wild type) for industrial applications is limited, because 
the natural occurring catalyst is not adapted to non-natural industrial conditions such 
as the presence of organic solvents and detergents, high temperature, and extended 
pH ranges. Therefore, a certain degree of enzyme-engineering to improve the activity 
and stability in these processes is necessary to open the possibility to run the 
enzymatic reaction leading to a desired product (Cipolla 2004). The most common 
strategies over the last years for protein engineering are rational design and directed 
evolution. 
Rational design is based in advanced technologies such as molecular modeling, 
computational chemistry and X-ray crystallography, allowing by means of the 
determination of the enzyme structure, the elucidation of the relationship between 
sequence, structure and function. This information can be useful for the generation of 
enzymes with enhanced properties. For enzymes where no crystal structure exists, 
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this method cannot be effectively applied. The experiments based on the result of 
rational design are less labor-intensive since the preferred methods engineering 
enzymes are site-directed and site-saturation mutagenesis. After screening the 
generated variants, the identified residues are the basis for the analysis of the 
structure-function relationship, which is a knowledge-intensive approach. 
In contrast, directed evolution strategies mimics the natural evolution, allowing to 
engineer enzymes without a deep understanding of the structure-function relation of 
the enzyme (Dalby 2003). The first directed evolution experiment was performed in 
1967 where DNA was used instead of protein or enzymes (Mills et al. 1967). The first 
experiment which is linked to an evolved enzyme (subtilisin E) was reported in 1993 
by Chen and Arnolds (Chen, Arnold 1993). The directed evolution strategy is based 
on the Darwinian principles of mutation and selection, but differs from natural 
evolution in two steps. The first one is that the natural evolution occurs under multiple 
selection pressure whereas in directed evolution is under controlled selection 
pressure. The second aspect is that directed evolution often goes beyond 
requirements, because the naturally occurring enzymes (wild type) are only 
optimized for physiological conditions and need to be optimized for industrial 
approaches such as extreme temperatures, pH and salt concentration (Schmidt-
Dannert 2001). 
In the last years, directed evolution strategies have proven to be a successful 
approach for tailoring enzyme properties for industrial demands. Various enzyme 
properties such as specificity, activity, stability and solubility have been improved 
through directed evolution (Johannes, Zhao 2006; Liang et al. 2011a; Shivange et al. 
2012). 
A directed evolution experiment can be divided into three major steps. The first step 
includes the diversity generation of the gene of interest, the second step is the 
identification of the improved mutants out of the mutant library using high throughput 
screening, and the last step includes the isolation of the gene coding for the 
enhanced enzyme. The process is repeated through iterative cycles until the enzyme 
reached the desired properties (Fig. 1) (Matsuura, Yomo 2006). 
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Fig. 1 Scheme of a directed evolution experiment with iterative cycles. Mutant library generation 
(Step I); Identifying improved protein variants (Step II); Isolation of gene encoding for the improved 
protein variant (Step III) (Güven et al. 2010). 
 
Depending on the size of the generated gene library, a directed evolution experiment 
can be more labor-intensive compared to the rational design. The limitation steps are 
the diversity generation of a mutant library (Schmidt-Dannert, Arnold 1999), and the 
development and validation of the screening system, which should reflect as close as 
possible the conditions of the final application. For the construction of a library with 
sufficient genetic diversity, two essential processes namely random mutagenesis and 
gene recombination have been established (Chusacultanachai, Yuthavong 2004). 
The most common random mutagenesis techniques for introduction of point 
mutations in the entire length of the gene can be achieved by chemical mutagens 
and ultraviolet radiation (Botstein, Shortle 1985). A further approach is the use of 
error-prone polymerase chain reaction (epPCR) with the addition of manganese ions 
(Mn2+) as cofactor (Arnold, Georgiou 2003). The recombination techniques offer a 
major advantage over random mutagenesis as it can accumulate beneficial 
mutations and remove deleterious ones and is useful for a later stage of directed 
evolution experiments. The most widespread techniques are the use of DNA shuffling 
(Stemmer 1994; Zhao et al. 1998) and the staggered extension process (Zhao et al. 
1998). The newest method developed for random mutagenesis is the Sequence 
Saturation Mutagenesis (SeSaM) technology (Wong et al. 2004), which randomizes a 
target sequence at every single nucleotide position, an overcoming the limitation 
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caused by biased polymerases for transition over transversion mutations. The 
optimal techniques for the diversity generation of a mutant library should fulfill several 
points: 1) an unbiased mutational spectrum, 2) a controllable mutation frequency, 
3) generating consecutive nucleotide substitutions or codon-based substitutions, 
4) enable subset mutagenesis, 5) independence of gene length, 6) technically simple 
and reproducible and 7) economical (Wong et al. 2006). 
Another crucial step for a successful directed evolution process is the development of 
a reliable screening system, which allows identifying improved variants in the library. 
It is important to decide whether a model substrate, which can be coupled to a 
fluorophore or chromophore, or the “real-life” substrate is used for the screening. On 
the one hand a model substrate simplifies the assay procedure, but on the other 
hand it is possible that the enzyme is evolved specifically for the model substrate, in 
detriment of the specific activity towards the final application substrate. Furthermore, 
each screening assay has to adapt to the evolving enzyme and the desirable 
properties. 
The most common platform for screening random mutagenesis libraries is in 
microtiter plates (96- and 384-well). Microtiter plate screenings enable the use of 
various analytical tools and offer a great dynamic range, but the screening capacity is 
usually limited to less than 104 variants per day and therefore this can be classify as 
a medium throughput system.  
Agar plate based screening platforms are easy to operate and are excellent in 
identifying active variants (Ten et al. 2004). However, they are weak in visualizing 
differences in catalytic rates of enzyme variants and the library size is also limited to 
105 variants per day. 
To overcome these limitations, new high throughput systems are necessary. In the 
last years through the development of encapsulation technologies, fluorescence 
activated cell sorting (FACS) based flow cytometry systems became an attractive 
alternative high throughput screening systems (Tu et al. 2011). It is now possible to 
screen up to 107 variant per hour. The main challenge for this approach is to find 
suitable fluorogenic substrates that do not cross the oil-phase barrier of the droplets 
(Aharoni et al. 2005). 
Another alternative approach is cell surface display, where the enzyme variants and 
the substrates/products are displayed on the surface of cells. The cell surface display 
screening has a very high screening capacity (109/h), however is also limited by the 
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requirement of fluorogenic substrates/products that bind to the surface (Lipovsek et 
al. 2007). A comparison of available screening methods for a directed evolution 
experiment is summarized in the following Table 1. 
 
Table 1 Comparison of screening and selection technologies (Leemhuis et al. 2009). 
Strategy Library 
size 
Advantage Disadvantage 
Selection  ∼109 Yields desirable variants Only possible if activity 
gives growth advantage 
Agar plate screen ∼105 Simple to operate Limited dynamic range 
Microtiter plate screen ∼104 All analytical methods possible, 
excellent dynamic range 
Relatively low screening 
capacity 
Cell-in-droplet screen ∼109 Large libraries Fluorescence detection and 
DNA modifying enzymes 
Cell as microreactor ∼109 Large libraries Fluorescence detection 
Cell surface display ∼109 Large libraries Fluorescence detection 
In vitro 
compartmentalization 
∼1010 No cloning steps, large libraries Fluorescence detection and 
DNA modifying enzymes 
 
The last step in the directed evolution algorithm is to isolate the genes encoding 
improved enzyme variants in order to use it as a template for another iterative cycle 
of directed evolution. Thereby the mutations accumulate as long as the desired 
improvement is reached. The number of iterative cycles may vary from each 
evolution experiment and mainly depends on the starting point, the selected 
properties and the expected improvement, which is necessary to fulfill the required 
properties. Afterwards, the identified amino acid substitutions can be structurally 
analyzed to identify “hot spots” in the gene sequence. At this stage, a combined use 
of directed evolution and rational design is important in exploring enzyme sequence-
space and generating improved or novel enzymes. Fueled by recent breakthroughs 
in genomics and metagenomics (Zeyaullah et al. 2009), these developments should 
help expand the use of biocatalysts in industry. 
 
2. Cellulases 
Cellulase refers to a group of enzymes, produced by plants, fungi, bacteria and some 
termites that catalyze the hydrozylation of cellulose (Singh, Hayashi 1995). The 
components of the cellulase system were first divided base on their catalytic action. 
Later the classification was based on the structural properties (Henrissat, Warren 
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1998). In total three major types of enzymatic activity were found: 1) endoglucanases 
(E.C. 3.2.1.4) 2) exoglucanases (E.C. 3.2.1.91) and 3) ß-glucosidases 
(E.C. 3.2.1.21). The schematic hydrolysis of cellulose with the cellulolytic system of 
Trichoderma reesei is shown in Fig. 2. Thereby the endoglucanases cleaving 
β-1,4-glycosidic bonds at internal amorphous sites in the cellulose polysaccharide 
chain and generate oligosaccharides with different lengths and chain ends (reducing 
and non-reducing ends). The exoglucanases can, in contrast to the endoglucanases, 
also be active towards microcrystalline cellulose and can be divided into two groups. 
One group acts from the non-reducing ends (CBHII) and the other group from the 
reducing ends (CBHI). Both types of exoglucanases release cellobiose units as 
reaction products (Teeri 1997). The final enzyme (ß-glucosidase) converts the 
soluble cellobiose to glucose. Another enzyme in the cellulolytic system of T. reesei 
is swollenin, which is able to transform crystalline regions through the disruption of 
hydrogen bond into amorphous regions (Saloheimo et al. 2002). 
 
Fig. 2 Schematic representation of the hydrolysis of amorphous and microcrystalline cellulose with the 
cellulolytic system of T. reesei (Lynd et al. 2002). 
 
For the cellulase system, the biggest challenge to reach a complete hydrolysis is the 
cellulose accessibility, which is limited by its physical properties. These properties 
are the degree of polymerization, crystallinity and accessibility, which is determined 
by cellulose particular size and porosity (Chandra et al. 2007). Therefore most 
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cellulases have two different domain structures. One is the cellulose-binding domain 
(CBD) which is connected over a flexible linker to the catalytic domain (Fig. 3). 
 
Fig. 3 Concept of an exoglucanase (the T. reesei cellobiohyrolase I) which is acting on crystalline 
cellulose. Taken from (Himmel et al. 2007). 
 
The CBD allows the enzyme to recognize the solid surface of the cellulose, 
subsequently supporting the movement across a single chain of de-crystallized 
cellulose fiber, which is directly moving into the active site tunnel of the catalytic 
domain. It was shown that the efficiency of crystalline cellulose degradation directly 
correlate with the binding efficiency of the enzyme on the cellulose surface (Linder et 
al. 1995; Esteghlalian et al. 2001). By removing the CBD domain a dramatically 
decrease in the activity of a cellulase of 80% was obvious on solid but not on soluble 
substrates (Gilkes et al. 1988). Furthermore it was shown that through the treatment 
of cellulose with swollenin the physical properties like particle size as well as the 
crystallinity were decreased. The resulting effect was an increased adsorption of the 
cellulase onto the substrates (Jäger et al. 2011). 
 
3. Biofuels 
Carbon emissions, thought to be related to the latest climate changes, are mainly 
produced by the combustion of petroleum based fossil fuels. Furthermore, the use of 
fossil fuels is getting more unstable due to the limited petroleum sources as well as 
the increasing costs for it. These concerns have shifted the general attention on 
finding a greener fuel production pathway. One alternative is using renewable 
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biomaterials for energy production, which can meet the high energy demand of the 
world in the future. The leading nations in bioethanol production based on corn and 
sugarcane crops considered as “first generation” of biofuels are USA and Brazil 
(Table 2). 
 
Table 2 Leading bioethanol producers in the world (Joshi et al. 2011). 
Country/group of countries Bioethanol production [million liters] 
USA 26500 
Brazil 19000 
European Union 2253 
 
However, food-crop sugars are not sufficient and are also a controversial resource, 
because it will require significantly increased amounts of cultivatable land and as a 
side effect, increase food price. Additionally it was shown that the reduction of 
greenhouse gases is low for sugar based biofuels. Therefore the focus lie on the use 
of non-edible crops (lignocellulosic biomass as primary raw material) for the 
production of “second generation” biofuels (Wilson 2009). Lignocellulosic biomass 
has a great potential resource for the production of biofuels, because it is largely 
abundant, accounting for approximately 50% of the terrestrial biomass, inexpensive 
and production of such resources is environmentally sound. Lignocellulosic materials 
can be obtained from wood, grass, agricultural residues and waste materials 
containing high percentage of mainly cellulose, hemicelluloses and in least amount, 
lignin. In general it can be affirmed that the lignocellulosic material contain 
approximately 60-70% of polysaccharides, containing in the monomer units valuable 
sugars. The cellulose, hemicellulose and lignin contents of different agricultural 
residues are listed in Table 3. It is shown that the chemical composition varies from 
material to material (Sun, Cheng 2002). 
 
Table 3 Contents of cellulose, hemicellulose, and lignin in common lignocellulosic materials (Sun, 
Cheng 2002). 
Lignocellulosic material Cellulose [%] Hemicellulose [%] Lignin [%] 
Hardwood stem 40-55 24-40 18-25 
Grass 25-40 35-50 10-30 
Switch grass 45 31 13 
Corn cob 45 35 15 
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Cellulose is a long homogenous polysaccharide chain consisting of thousands of 
glucose residues linked by ß-1,4 glycosidic bonds. Cellobiose is the repeated 
polymer unit. In natural cellulose, the chains are aligned in a way of forming 
organized fibrils. A single microfibril contains crystalline and paracrystalline 
(amorphous) cellulose chains (up to 40) and has about 20 nm in diameter. The fibrils 
are established among them with inter and intra hydrogen bonds, which are 
individually weak, but results collectively in a great binding strength and therefore 
giving the cellulose this high resistance against a hydrolytic attack. 
The microfibril is normally surrounded by hemicelluloses. Hemicellulose is a highly 
branched polymer, which is made out of a mixture of different primarily pentoses 
(xylose, arabinose) and hexoses (mannose, galactose). Unlike cellulose, the 
hemicellulose structure does not present high crystallinity; therefore it is more 
susceptible to chemical hydrolysis under mild conditions. In Table 4 the main 
differences between cellulose and hemicellulose are listed. 
 
Table 4 Differences between cellulose and hemicellulose. 
Cellulose Hemicellulose 
Consist of glucose units Consist of units of various pentoses/hexoses 
High degree of polymerization (200-18000) Low degree of polymerization (50-300) 
Forms fibrous arrangement Do not forms fibrous arrangement 
Crystalline and amorphous regions Only amorphous regions 
High resistance for hydrolytic attack Low resistance for hydrolytic attack 
 
Lignin is a natural macromolecule composed by propylphenolic units with methoxyl 
substituent on the aromatic rings and ether-type bonds are formed between these 
units. It is a highly complex structure, formed by the polymerization of three different 
monomers (coumaril-, coniferyl- and synapyl-alcohol, Fig. 4). 
 
Fig. 4 Primary precursors of lignin. 
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Lignin is the reason for the hardness of the vegetal multicellular structure, consisting 
in a binding material, which holds the microfibrils together. The biodegradation of 
lignin is an oxidation process which involves specialized enzymatic systems. The 
main involved enzymes are lignin peroxidase, manganese peroxidase and laccase 
produced by fungus species which live in wood (e.g. Phanaerochatae 
chrysosporium). Besides these three main components, there are others in minor 
proportions, such as tannins and fatty acids. 
A promising technology for the production of biofuels is the combination of hydrolysis 
of lignocellulosic biomass to fermentable sugars by cellulases and the subsequently 
fermentation of the sugars to ethanol (Sun, Cheng 2002). 
The mentioned lignin-hemicellulose complex forms a very stringent seal around the 
cellulose, difficulting its degradation and ultimately reducing the efficiency of the 
hydrolysis process. Therefore the first step in the process of lignocellulosic biofuels is 
to remove this barrier through a chemical, physical or biological pretreatment step 
and this one usually takes place under extreme conditions (Taherzadeh, Karimi 
2008).  
Physical cellulose treatment needs a high energy input, where the most used 
methods include mechanical grinding, steam explosion (compression and fast 
decompression) and pyrolysis. Chemical treatments include acid and alkaline 
hydrolysis. The main disadvantage of acid pretreatment is the formation of 
compounds, such as vanillin, furfural and 5-hydroxy-methylfurfural which can inhibit 
the following enzymatic hydrolysis steps and fermentation (Heer, Sauer 2008). In the 
alkaline hydrolysis the main disadvantage is that cellulose still contains a significant 
amount of lignin, which has a negative effect in the following enzymatic hydrolysis. 
The main objective of the pretreatment step as mentioned before is the separation of 
lignin, cellulose and hemicellulose and the disruption of the crystalline cellulose, 
increasing its porosity. These changes in the lignocellulosic material allow a more 
efficient enzymatic hydrolysis resulting in higher fraction of fermentable sugars, 
increasing the overall process efficiency (Mosier et al. 2005). However, an optimal 
pretreatment strategy always depends on the source of the lignocellulosic material. 
Further steps after performing the pretreatment step is the isolation of the cellulose 
fraction containing the fermentable sugars, followed by fermentation and distillation 
(Fig. 5). 
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Fig. 5 Overview of the process of ethanol production from lignocellulosic biomass (Joshi et al. 2011). 
 
The disadvantage of this process is the high number of steps which have to be 
performed for the generation of biofuels. Therefore one potential approach for the 
production of biofuels is the simultaneous saccharification and fermentation (SSF) 
(Philippidis et al. 1993). The benefit of performing the cellulose hydrolysis and the 
fermentation of glucose in a one-pot reaction is the improved fermentation due to the 
minimization of accumulation of hydrolysis products (glucose) which inhibit the 
hydrolysis and also the decreased investment costs (Lynd et al. 2005). The 
lignocellulosic biomass is pretreated with a diluted acid (sulphuric acid, H2SO4) to 
remove the lignin-hemicellulose barrier. Afterwards the liquid part (containing 
pentoses) is removed by filtration and the solid part, which contains the cellulose, is 
then hydrolyzed and fermented simultaneously using cellulases and yeast (Krishna et 
al. 2001). Inevitably, there are also disadvantages of SSF compared to the 
separately steps (hydrolysis and fermentation). One important point is that the 
optimal temperature (~37 °C) for the hydrolysis is higher than in the following 
fermentation when using a yeast organism and additionally most of the sugar 
released by the hydrolysis step is used by the growing biomass. 
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An alternative processing strategy for a one-pot reaction is the consolidated 
bioprocessing (CBP) (Lynd et al. 2002). The biggest difference compared to the SSF 
is that, in CBP, only one microbial consortium is used for the hydrolysis and 
fermentation step. Moreover CBP offers the potential for higher efficiency and at the 
same time lower production costs due to the avoidance of cost for capital, substrate 
and other raw materials (such as externally produced enzymes) (Joshi et al. 2011). 
For the CBP, microorganisms which can simultaneously utilize the substrate and 
generate the product are required properties but are currently not available. For the 
generation of the desired microorganism two possible strategies can be followed 
(Fig. 6). 
 
 
Fig. 6 Organism development strategies for CBP (Lynd et al. 2005). 
 
The first one is the native strategy which is based on the use of cellulolytic 
microorganisms. This microorganism can be engineered to increase yield and titer to 
satisfy the requirements of the industrial process. The second strategy is the 
recombinant approach, where non-cellulolytic strains are used which already exhibit 
good product release properties. They can be also modified to express a 
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heterologous cellulase system. Until now the CBP seems to be an economically 
attractive approach for low-cost biomass processing and can be reached through a 
given sufficient effort in the next time. 
The challenge for reaching this rentable approach is based on two different things. 
The first one is that until now the majority of the expressed cellulases have a very low 
catalytic efficiency on the used non-treated cellulose and the other limitation is that 
most of the proposed pretreatment steps for separation and dissolution of cellulose 
out of lignocellulose are not compatible afterwards with the performance of the 
cellulases (Mansfield et al. 1999). Therefore it is necessary to improve the enzyme 
performance in the way that the overall catalytic efficiency is increased under 
different conditions such as temperature, alkaline/acid environment, salty effluents, 
and also should not showing a inhibition effect when vanillin and furfural are present 
in the reaction media. The next logical step to improve all the required properties can 
be reached either by rational design or directed evolution. The most cellulases which 
are reported until now in the literature were improved by the mentioned strategies 
(Cherry, Fidantsef 2003; Lehmann et al. 2012). 
For the identification of a more thermostable enzyme, one good candidate (CelA12) 
from the fungus Trichoderma reesei was identified for the use in an industrial 
process. Through sequencing alignment another enzyme from Helianthus 
schweinitzii, which only differ in 14 residues, showed a significant less 
thermostability. The systematically integration of 14 residues in T. reesei Cel12A by 
site-directed mutagenesis and screening identified residue 35 as being the critical 
one for stabilizing (A35V) as well as destabilizing (A35S). The crystal structure was 
determined for both enzyme variants and the structure-function relationship was 
studied. The explanation for this dramatically change in the behavior is the 
introduction of a hydrophilic residue in the hydrophobic environment at the edge of 
the two ß-sheets, disrupting the hydrophobic interactions with the side chains of the 
three surrounding hydrophobic residues (Sandgren et al. 2003).  
Another important goal for the cellulase engineering is to understand and alter the pH 
optimum for the combination with a chemical pretreatment. It was demonstrated in a 
cellobiohydrolase CelA7, that through the introduction of 5 point mutations, which 
were suggested from sequencing and modeling studies, the pH optimum was shifted 
to a more alkaline range (pH 7) compared to the wild type (optimum pH 5) (Becker et 
al. 2001). It was proposed that a histidine residue near the acid/base catalyst 
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influence the activity of the enzyme in higher pH range. In a further study it was 
observed that this variant not only exhibit a shifting in the pH optimum but also at the 
same time has a decreasing effect in thermostability (Boer, Koivula 2003). It was 
concluded that in order to engineer a cellulase to a more alkaline pH, it might not be 
enough to search for mutations focused on pH, but in a combination of more than 
one at the same time (pH and temperature). 
Additionally, successful directed evolution experiments towards increasing overall 
catalytic efficiencies were reported. The specific activity of Cel5A against 
carboxymethyl-cellulose (CMC) was increased up to two times, identifying in total 
three residues which are responsible for the improvement. The identified mutations 
were located on the protein surface and it was proposed that the protein dynamic 
was perturbed on the entire backbone, affecting the catalytic activity (Liang et al. 
2011a). Table 5 shows further cellulases or related enzymes from different 
microorganisms, which have been improved using rational design or directed 
evolution. 
 
Table 5 List of improved cellulases through rational design and directed evolution. 
Bacterial Strain Enzyme Property Altered Method Reference 
Rational Design 
Acidothermus 
cellulolyticus 
endoglucanase Type of products 
released 
Site-directed 
mutation 
(Rignall et al. 2002) 
Acidothermus 
cellulolyticus 
endoglucanase Product inhibition Site-directed 
mutation 
(Baker et al. 2005) 
Thermobifida 
fusca 
endoglucanase Activity Site-directed 
mutation 
(Escovar-Kousen et 
al. 2004) 
Directed Evolution 
Paenibacillus 
polymyxa 
α-D-glucosidase Thermal stability epPCR (Gonzalez-Blasco et 
al. 2000) 
Thermotoga 
neapolitana 
α-D-glucosidase Activity epPCR (McCarthy et al. 
2004) 
 
4. Metagenome screening 
It is known that more than 99% of the microorganism in the environment cannot be 
cultured (Cowan 2000). The identification of novel cellulases can be also achieved by 
the generation of metagenome libraries from different environmental sources in 
which cellulase-degrading organisms are present. In the 1990s, a novel technique 
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was generated, called metagenomics, which allows studying the “combined” 
genomes of such uncultured microbes (Handelsman et al. 1998). The generation of 
metagenome libraries can be divided into two parts; the first part involves the 
extraction of the DNA directly from environmental samples followed by cloning 
fragments of this DNA into suitable expression vectors (plasmid, fosmid and bacterial 
artificial chromosomes) (Daniel 2004). The second step is the transformation of this 
constructs into a common cultivable expression strain, preferably E. coli, for protein 
expression. Screening metagenome libraries can be performed based on two 
strategies; the functional- and the sequence-based screening. In the former, the DNA 
fragments originated from the metagenome are expressed in a high throughput 
format and analyzed based on a specific activity agar plate assay. This approach is 
selective for full-length genes and functional gene products. However, one potential 
drawback is the dependence on the expression of the cloned genes in a foreign host 
(Li et al. 2009). The sequence-based analysis relies on the use of conserved DNA 
sequences for the designing of hybridization probes or PCR primers to screen the 
generated metagenome libraries for clones, which contain the desired sequence of 
interest. It has been shown, that the random sequencing approach also results in 
significant discoveries of active clones (Fig. 7) (Rondon et al. 2000). 
 
 
Fig. 7 The steps for generation of a metagenome library and screening strategies. Taken over from 
(Daniel 2004).  
 
Although both screening strategies have been used for identifying novel biocatalysts, 
both approaches are laborious due to the low frequency of clones with the desired 
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properties (Henne et al. 2000). Using this approach, different cellulases (CelA2, 
CelA3, CelA84) from a metagenome library were identified, based on agar plate 
activity screening (Ilmberger et al. 2011). These mentioned cellulases revealed an 
outstanding performance in ionic liquids (IL) and NaCl and can therefore be suitable 
candidates for the cellulose hydrolysis process in the generation of biofuels 
(Table 6). 
 
Table 6 Identified cellulases with increased performance in IL/NaCl (Ilmberger et al. 2011). 
Cellulase Relative activity [%] in [%] IL Relative activity [%] in 4 M NaCl 
CelA2 54 in 30 [EMIM]OTF 80 
CelA3 68 in 30 [EMIM]OTF 50 
CelA84   8 in 30 [BMPL]OTF 50 
 
5. Objective 
The main objectives of this work are i) to contribute to the development of greener 
biofuel production processes by developing -using protein engineering and directed 
evolution- cellulases with increased performance in ionic liquids and other non-
conventional solvents; and ii) generating knowledge regarding solvent stability and 
structure-function relationships in cellulases. In order to develop an innovative and 
cost-effective biofuel production process, the conversion efficiency of the enzymes 
involved in cellulose degradation must be increased in both solvent (ionic liquids or 
deep eutectic solvents). 
The starting point of the directed evolution campaign, cellulase CelA2 isolated from a 
biogas plant, revealed already an outstanding cellulolytic activity in ionic liquids. 
Milestones in the directed evolution campaign are the establishment of a reliable 
screening system, identifying improved variants and isolating them for further 
characterization. 
CelA2 variants having improved performance in salty effluents will be analyzed in 
terms of catalytic and stability performance, in order to acquire a deeper 
understanding regarding enzyme adaption and cellulase structure-function 
relationships in salty effluents. 
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Part II: Directed evolution of CelA2 for increased resistance in deep 
eutectic solvent (DES) and concentrated seawater 
1. Introduction 
1.1. Aim of this part 
The aim of this work was to improve the resistance in deep eutectic solvent (DES) 
and concentrated seawater of the cellulase CelA2 by a directed evolution campaign. 
Both solvents play an important role for the production of biofuels out of cellulose. 
Another objective was the study of the amino acid substitutions of the improved 
variants in order to investigate a structure-function relationship involved in this 
adaptation. The chosen approach was first the generation of an epPCR library of 
CelA2, followed by site-saturation mutagenesis for the separate introduction of each 
amino acid substitution from the identified variants in CelA2 wild type. A microtiter 
plate expression and cellulolytic assay systems were validated for the screening of 
increased resistance in presence of DES and concentrated seawater. 
 
1.2. Production of cellulose based biofuels 
Limited reserves of fossil fuels and environmental impact on CO2 emissions motivate 
the research and development of fuel alternatives produced from renewable 
bioresources (Wilson 2009). A key-step in biorefineries is the depolymerization of 
polysaccharides (mostly cellulose) to produce fermentable sugars. Cellulases, as a 
part of an enzymatic cocktail including hemicellulases, cellobioases, endo- and exo-
glucanases are able to perform such depolymerization reactions under mild and 
environmentally friendly conditions (Sun, Cheng 2002). However, cellulose 
depolymerization is a heterogeneous reaction and technically challenging due to the 
low solubility of polysaccharides (Himmel et al. 2007). A lignocellulose pretreatment 
step, which normally takes place under extreme conditions, has therefore been 
introduced for improving the enzymatic degradation of cellulose (Taherzadeh, Karimi 
2008). In order to tackle the challenge of effectively solubilizing cellulose avoiding 
extreme conditions, several “milder” pretreatments approaches have been proposed. 
The non-derivatizing solvent N-methylmorpholine-N-oxide (NMNO) is reported to be 
successfully applied in anhydrous and monohydrated form, however, if NMNO is 
further hydrated, cellulose is no longer efficiently dissolved (Maia et al. 1981). 
Another emerging strategy is the use of ionic liquids (ILs) to decrease cellulose 
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crystallinity by dissolution. ILs are liquid salts and have two important properties, low 
vapor pressure and non-flammability, hence called “green solvents” compared to 
traditional organic solvents. Among traditional ILs, 1-butyl-3-methylimidazolium 
chloride ([BMIM]Cl) is a prominent IL to efficiently dissolve cellulose (Swatloski et al. 
2002; Zhao et al. 2009), theoretically allowing an improved enzymatic degradation 
(Kumar, Wyman 2009). However, cellulose dissolving ILs require typically a content 
>80% (v/v) IL (Mazza et al. 2009) and present a less than ideal solvent for enzymes, 
which leads usually to rapid cellulase inactivation (Turner et al. 2003; Salvador et al. 
2010).  
For compensation increased amount of enzymes for the cellulose degradation 
process are necessary and rising the costs of the whole process (Wilson 2009). The 
biofuel production strategy can be only economically viable, through increased 
conversion efficiency by adjusting the process conditions, or the enzyme 
performance.  
Despite advancements in the use of ILs in the past years, a new challenge has been 
presented to this biofuel production strategy, since the production of the ILs often 
cannot be scaled-up, because of high expenses and unknown number of recycling 
cycles. Furthermore several ILs have been found to be non-biodegradable and/or to 
have a high environmental factor (Deetlefs, Seddon 2010; Pham et al. 2010; Wood, 
Stephens 2010). 
Deep eutectic solvents (DES) have emerged recently as a cost-effective alternative 
class of ionic solvents with similar properties as ILs, with the advantage of being 
derived from renewable resources (Abbott et al. 2004). The first generation of DES 
are based on mixtures of quaternary ammonium salts coupled with an organic 
hydrogen donor (combination of urea and choline chloride in a ratio 2:1) (Abbott et al. 
2003). It is assumed that many advantageous properties of ILs (stability, low vapor 
pressure and water-miscibility) can be extrapolated to DES (Gorke et al. 2010) which 
open new possibilities for bulk and fine chemical productions (Lindberg et al. 2010; 
Domínguez de Maria, Maugeri 2011), biotransformation (Gorke et al. 2008) or 
biomass processing (Abbott et al. 2005; Miller 2011; Zhang et al. 2012b). The 
enzymatic production of biodiesel was enhanced with the use of a novel DES 
(Choline acetate coupled with glycerol) (Zhao et al. 2011). Moreover, process 
economics can be improved by using non-purified effluents in biorefineries and by 
omitting costly downstream processing steps. Reengineered and robust glycosidases 
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that can operate well under non-natural conditions may enable innovative and cost-
effective production processes. For instance, concentrated seawater has been 
reported recently as a low-cost and alternative solvent which would avoid the use of 
drinkable water in enzymatic depolymerization of cellulose (Grande, Domínguez de 
Maria 2012). 
Regardless of the salts used (e.g. from seawater, ILs, or DES) it is challenging to find 
enzymes that operate efficiently under high salt conditions. Introducing acidic amino 
acids at the protein surface has been proposed as a strategy to increase salt 
resistance in cellulases through ionic interactions with salt ions (Liang et al. 2011b). 
Cellulases from Trichoderma viride are for instance employed as enzymatic cocktails 
in cellulose depolymerization and are, like other industrially used cellulases, not 
optimized for conversion in presence of ILs and lose rapidly activity (60%; 10 min) 
even at 5% (v/v) 1-ethyl-3-methylimidazolium acetate ([EMIM]Ac) (Datta et al. 2010). 
Protein engineering to tailor cellulase for conversion in IL can in a promising manner 
only be pursued by directed evolution since destabilizing effects of ILs on protein 
structures are computationally barely understood. Directed evolution is a powerful 
algorithm in which enzyme properties are improved through iterative cycles of 
diversity generation and high throughput screening (Wong et al. 2006; Lan Tee, 
Schwaneberg, 2007). Decisive for the cellulase performance is the selection in “salty 
effluents” (IL, DES, or seawater). For endoglucanases, several directed evolution 
campaigns have been reported improving thermal stability (Murashima et al. 2002), 
shifting pH optimum (Wang et al. 2005), and increasing catalytic efficiency (Kim et al. 
2000). Furthermore a correlation between halotolerance and activity in ILs has been 
reported for cellulases (Pottkamper et al. 2009; Ilmberger et al. 2011), however no 
directed evolution experiment improving activity or resistance in deep eutectic 
solvents or seawater has to our best knowledge been reported. CelA2 was isolated 
(along with other cellulases) from a metagenome library, revealing an outstanding 
performance in ionic liquids (Ilmberger et al. 2011), and appearing to be a suitable 
candidate for cellulose hydrolysis in DES or seawater. 
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2. Materials and Methods 
2.1. Materials 
2.1.1. Target gene 
The gene celA2 (GenBank: JF826524.1) codes for a 604 amino acid protein, having 
a molecular weight of ~69 kDa. The sequence of CelA2 has a 41% similarity to a 
Glycosyl Hydrolase Family 9 (GH9) cellobiosidase from Clostridium cellulovorans 
(Ilmberger et al. 2011). CelA2 contains an Ig-like domain, which interacts with the 
catalytic domain (Pereira et al. 2009). These interactions affect the fold and stability 
of the enzyme (Kataeva et al. 2004). 
 
2.1.2. Strains and Plasmids 
E. coli DH5α and E. coli BL21-Gold (DE3) were purchased from Agilent Technologies 
(Santa Clara, USA) and used as hosts for DNA manipulation and recombinant 
protein expression, respectively. For construction of the expression, vector the 
plasmid pET28a(+) from Novagen (Darmstadt, Germany) was used. In addition the 
pMA-shuttle vector with the synthetic gene was provided by the company GeneArt. 
Bacterial strains and plasmids used in this work are summarized in Table 7 and 
Table 8. 
 
Table 7 Bacterial strains used in this work. 
Strain Description References 
E. coli DH5α 
F- mcrA Δ(mrr-hsdRMS-mcrBC) endA1 
recA1 φ80dlacZΔM15 ΔlacX74 araD139 
Δ(ara,leu)7697 galU galK rpsL nupGλ tonA  
Agilent Technologies 
E. coli BL21-Gold (DE3) 
F
-
 ompT hsdS(rB
-
 mB
-
) dcm
+
 Tet
r
 gal λ(DE3) 
endA Hte 
Agilent Technologies 
 
Table 8 Plasmid used in this work. 
Plasmid Description References 
pMA Shuttle vector, Amp
R
 GeneArt 
pET28a(+) Expression vector, Kan
R
 Novagen 
Kan
R
:  Kanamycin resistance gene 
Amp
R
:  Ampicillin resistance gene 
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2.1.3. Oligonucleotides 
The oligonucleotides used in this work are summarized in Table 9 - Table 12. 
Table 9 List of all primers used for cloning and sequencing. 
Primer name Sequence 5’-3’ 
T7_Fw GTTATTGCTCAGCGGTGGCAGCAGC 
T7_Rev 
CelA2_P2 
CelA2_P3 
TAATACGACTCACTATAGGGGAATTGTGAGCGG 
GTTGGTGAACTGTTTGCACG 
GTTGGGTTGAAATGGGTAGC 
 
Table 10 List of all primers used for epPCR. 
Primer name Sequence 5’-3’ 
epPCR_Fw TACCATGGGTAGCAGCCATCACCACC 
epPCR_Rev GTTATTGCTCAGCGGTGGCAGCAGC 
 
Table 11 List of all primers used for PLICing. 
Primer name Sequence 5’-3’ 
CelA2_Rev T*T*C*G*G*C*C*A*C*G*G*T*ATTCAGGCTATAAACAT 
CelA2_Fw A*G*C*A*G*C*G*G*T*G*A*A*AATCTGTATTTTCAGG 
Vector_Rev T*T*C*A*C*C*G*C*T*G*C*T*ATGATGATGGTGG 
Vector_Fw  A*C*C*G*T*G*G*C*C*G*A*A*TAATAAGAATTCGAGC 
Note. Asterisks (*) mark the locations of phosphorothioated bonds. 
 
Table 12 List of all primers used for site-saturation and site- directed mutagenesis library. 
Primer name Sequence 5‘-3‘ 
SSM_21_Fw GTATGAAGATGATACCNNKGCACGCTTTTGTTTTAATCTGG 
SSM_21_Rev CCAGATTAAAACAAAAGCGTGCMNNGGTATCATCTTCATAC 
SSM_184_Fw GAATATGTTGGTGAANNKTTTGCACGTGAAGCAGGTC 
SSM_184_Rev GACCTGCTTCACGTGCAAAMNNTTCACCAACATATTC 
SSM_288_Fw CATAAAGTTACCGCAAAAGATNNKGCACCGATGACCATTCTG 
SSM_288_Rev CAGAATGGTCATCGGTGCMNNATCTTTTGCGGTAACTTTATG 
SSM_299_Fw CTGCCGCATGAAGATNNKAGTCCGCTGTATCTGAGTCC 
SSM_299_Rev GGACTCAGATACAGCGGACTMNNATCTTCATGCGGCAG 
SSM_330_Fw GTATAAAGATATTNNKGAAGAATTTGCCAATCAGTGTCTGGATGC 
SSM_330_Rev GCATCCAGACACTGATTGGCAAATTCTTCMNNAATATCTTTATAC 
SSM_442_Fw CCAAAAATGCCTTTATTNNKAATGCCCAGAGC 
SDM_E580Q_Fw GCTATGCCACCAATCAGATTTGCATTTATTGGAATAGTCCG 
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SDM_E580Q_Rev CGGACTATTCCAATAAATGCAAATCTGATTGGTGGCATAGC 
SDM_Q580E_Fw CGGTAGCTATGCCACCAATGAAATTTGCATTTATTGG 
SDM_Q580E_Rev CCAATAAATGCAAATTTCATTGGTGGCATAGCTACCG 
Note. Underlining indicated the randomized codons or substituted nucleotide. 
 
2.1.4. Deep eutectic solvent (DES) 
Choline chloride:glycerol (ChCl:Gly) was used as a model DES for the directed 
evolution (Abbott et al. 2003). ChCl:Gly was prepared by mixing choline chloride 
(ChCl) and a given H-bond donor (glycerol) at an appropriate molar ratio (1:2) at 
80 °C under rigorous agitation for 30 min. The resulting clear liquid (ChCl:Gly) was 
stored at RT and used in the enzyme assay as co-solvent in buffer solutions. The pH 
value of a 5% and 30% (v/v) ChCl:Gly solution in potassium phosphate buffer was 
7.21 and 7.35, respectively. 
 
2.1.5. Seawater 
Seawater was collected in Bandol (Mediterranean Sea, France), and stored at 4 °C 
until use. In this study 1x and 3x concentrated seawater was used. The Bandol 
seawater has a pH of 8.04. The composition of the used reaction media was 
published by Lin et al. (Lin et al. 2011).  
 
2.1.6. Cell culture media and cultivation 
Cells were cultivated in Luria Broth- (LB) and for expression experiments in Terrific 
Broth- (TB) medium supplemented with appropriate antibiotics using a shaking 
incubator (Multitron II, Infors GmbH, Einsbach, Germany) at 37 °C/ 30 °C and 
900 rpm. Medium and antibiotics used for cell culture and different types of agar 
plates are listed in Table 13 and Table 14. 
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Table 13 Medium and agar plate composition for cell culture. 
Medium/Agar plate Composition 
LB-medium (1L) 10 g trypton 
  5 g yeast extract 
10 g NaCl 
Adjust pH to 7.5 
TB-medium (1L) Solution A: 
12 g peptone     
24 g yeast extract        
4 mL or 4 g glycerol   
Add 800 mL dH20 
Solution B: 
  2.31 g KH2PO4    
12.54 g K2HPO4    
Add 200 mL dH20 
LBA-medium (1L) LB-medium + Ampicillin 
LBK-medium (1L) LB-medium + Kanamycin 
TBK-medium (1L) TB-medium + Kanamycin 
LB agar plates (1L) LB-medium + 15 g agar 
LB Azo-CMC agar plates (1L) LB agar plates + 1.25 g Azo-Carboxymethyl-Cellulose 
LB CMC agar plates (1L) LB agar plates + 2 g Carboxymethyl-Cellulose 
 
Table 14 Antibiotics used for cell culture in this work.  
Antibiotics Stock [mg/mL] Solvent Working concentration [µg/mL] 
Ampicillin 100 Milli Q Water 100 
Kanamycin 50 Milli Q Water 50 
 
2.2. Methods 
2.2.1. Cloning 
All gene cloning and manipulation steps were carried out according to standard 
molecular cloning protocols (Sambrook, Russell 2001). Chemically competent E. coli 
DH5α and E. coli BL21-Gold (DE3) cells with determined transformation efficiencies 
of 3x107 and 3x106 cfu/µg pUC19, respectively, were prepared in-house using the 
rubidium chloride technique. E. coli transformation was carried out as standard heat 
shock transformation (Hanahan 1983; Hanahan et al. 1991). 
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The parent celA2 was ordered as a synthetic gene from GeneArt (Regensburg, 
Germany) with an optimized codon usage for E. coli and included an NcoI and EcoRI 
restriction sites. Additionally, celA2 contained an N-terminal His-tag, followed by a 
TEV-protease sequence. After double digestion with EcoRI and NcoI, the fragment 
was subcloned using T4 DNA ligase into pET28a(+). The resultant recombinant 
plasmid, named pET28a(+)-CelA2 (7151 bp), was transformed into E. coli DH5α. 
Plasmids were verified by PCR, restriction enzyme digestion and sequence analysis. 
DNA sequencing was conducted at Eurofins MWG Operon (Ebersberg, Germany) 
and Clone Manager 9 Professional Edition (Sci-Ed software, Cary, USA) was used 
for all sequence alignments. After successful sequencing result the recombinant 
plasmid pET28a(+)-CelA2 was subsequently transformed into chemical competent 
E. coli BL21-Gold (DE3) cells (expression strain) and plated on LB agar plates 
containing kanamycin (final conc. 50 µg/mL). 
 
2.2.2. Detection of cellulolytic activity on indicator plates with Azo-
Carboxymethyl-Cellulose 
Azo-Carboxymethyl-Cellulose (Azo-CMC, Megazyme, Bray, Ireland) was used as 
substrate for cellulolytic activity detection (Hughes et al. 2006). LB agar plates 
supplemented with 0.125% (w/v) Azo-CMC, 50 µg mL-1 kanamycin and 0.1 mM 
isopropyl thio-β-D-galactoside (IPTG) were used as indicator plates for pre-
screening. Active transformants which showed halos were picked and grown in LB 
medium supplemented with 50 µg mL-1 kanamycin (LBK-medium). 
 
2.2.3. Detection of cellulolytic activity on Carboxymethyl-Cellulose indicator 
plates with kongored 
Carboxymethyl-Cellulose (CMC, 0.2% w/v, Sigma-Aldrich) was supplemented in LB 
agar plates and used for the detection of cellulolytic activity. Furthermore 50 µg mL-1 
kanamycin and 0.1 mM isopropyl thio-β-D-galactoside (IPTG) were added. The 
transformants were cultivated for 12 h at 37 °C. Afterwards the colonies were 
removed with dH2O. Then the plates were coated with kongored solution (2 mg/mL) 
for 30 min at RT. The kongored solution was poured and the plates were washed 
three times with 1 M NaCl for 20 min. For precised halo formation an additional 
washing step with 0.1% (v/v) acetic acid for 2 min was performed. 
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2.2.4. Growth conditions and expression of CelA2 in microtiter plates 
Colonies displaying cellulolytic activity were transferred into 96-well microtiter plates 
(flat-bottomed, polystyrene plates), containing 150 µL LBK-medium. After overnight 
cultivation in a microtiter plate shaker (37 °C; 900 rpm; 70% humidity), 10 µL from 
each well was transferred into a second series of 96-well microtiter plates (v-bottom, 
polystyrene plates (Expression plates)) containing 150 µL terrific broth medium 
supplemented with 50 µg mL-1 kanamycin (TBK-medium). The overnight plates 
(Master plates) were stored at -80 °C after addition of 50 µL (80% (v/v)) glycerol. 
Expression plates were cultivated for 2 h at 37 °C and 900 rpm. Protein 
overexpression was induced by adding 0.1 M IPTG, followed by incubation at 30 °C 
and 900 rpm for 4 h. Cells were harvested by centrifugation for 15 min (4000xg; 
4 °C). Cell pellets were re-suspended in 150 µL lysozyme solution (1 mg mL-1 in 
potassium phosphate buffer; 0.2 M, pH 7.2). Subsequently, the plates were 
incubated at 37 °C and 900 rpm for 1 h. Afterwards the microtiter plates were 
centrifuged for 15 min (4000xg; 4 °C) and the supernatant was used for the 
colorimetric screening assay. 
 
2.2.5. Expression of CelA2 in flask, and purification 
The clones containing the corresponding plasmids constructs were transferred from 
the glycerol stock to an overnight culture in LBK-medium. The main culture contained 
TBK-medium and was inoculated with the clones. The clones were grown to an 
OD600 of 0.6 at 37 °C and 250 rpm. The overexpression of the gene was induced by 
adding 0.1 M IPTG, following by incubation at 30 °C and 250 rpm for 4 h. Cells were 
harvested by centrifugation for 15 min (4000xg, 4 °C) and the medium was 
completely removed. The pellets were stored for 12 h in -20 °C and resuspended in 
potassium phosphate buffer (0.02 M, pH 7.2) prior to disruption via sonication with a 
70% amplitude (3x 30 sec). Afterwards the solution was centrifuged for 15 min 
(4000xg, 4 °C) and the supernatant was used for the purification. CelA2 contained a 
His-tag sequence and was purified with the Protino® Ni-TED 2000 packed columns 
as described in the manufacturer`s protocol. For the purity analysis the ExperionTM 
system from Bio-Rad was used. The system employs LabChip® microfluidic 
technology to automate electrophoresis for protein and RNA analysis. 
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2.2.6. Determination of conditions for CelA2 error-prone library 
The library was generated by the standard error-prone PCR (epPCR). For the 
mutagenic PCR the followed program was used (Table 15). 
 
Table 15 Error-prone PCR (epPCR) program.  
Step Temperature [°C] Time [sec] Cycle [-] 
Initial denaturation 94 120 1x 
Denaturation 94 30 
25x Annealing 66.7 30 
Elongation 72 120 
Final elongation 72 600 1x 
 
The PCR reaction mixture consists of: Taq DNA polymerase (2.5 U), dNTP mix 
(10 mM), template (pET28a(+) containing CelA2; 35 ng/µL), MnCl2 (0.1-0.3 mM), and 
5 µM from forward and reverse primer (Table 10). The PCR products were purified 
by using a PCR purification kit. The purified epPCR products were cloned into 
expression plasmid pET28a(+) by MEGAWHOP (Miyazaki, Takenouchi 2002). For 
MEGAWHOP the followed PCR program was used (Table 16). 
Table 16 MEGAWHOP PCR program. 
Step Temperature [°C] Time [sec] Cycle [-] 
Exonuclease activity 72 300 1x 
Initial denaturation 94 120 1x 
Denaturation 94 30 
25x Annealing 60 30 
Elongation 72 210 
Final elongation 72 600 1x 
 
The PCR reaction mixture consists of: PfuS DNA polymerase (2.5 U), dNTP mix 
(10 mM) together with template (pET28a(+) containing CelA2; 100 ng/µL). Following 
the PCR, DpnI (40 U) was added, and the mixture was incubated overnight at 37 °C. 
The MEGAWHOP products were transformed into chemically competent E. coli 
BL21-Gold (DE3) for expression and screening. The transformants were spread on 
CMC indicator plates and the ratio of active/inactive was calculated after staining the 
plates with kongored. 
 
Part II: Directed evolution of CelA2 for increased resistance  
27 
 
2.2.7. Construction of CelA2 error-prone library with PLICing 
PLICing comprises amplification of the target gene and the vector backbone by PCR 
using primers with complementary phosphorothioated nucleotides at the 5’ end 
(Blanusa et al. 2010). For the vector backbone amplification, pET28a(+)-CelA2 DNA 
template was linearized with BamHI and purified with PCR purification kit. For epPCR 
of the target gene, MnCl2 was added to the PCR reaction. In the following table the 
composition of the different reactions with the modified primers (Table 17) are 
summarized. 
 
Table 17 Compositions for the different PLICing reactions. 
Components 
 
Template 
[ng/µL] 
Primer 
[µM] 
dNTP 
[mM] 
Mn2Cl 
[mM] 
Polymerase 
[U] 
PLICing insert 35 20 10 0.2 2.5
a
 
PLICing vector 35 20 10 - 2.5
b
 
a
Taq Polymerase; 
b
PfuS Polymerase 
 
The following PCR programs were used for the PLICing insert and PLICing vector 
reaction (Table 18 and Table 19). 
 
Table 18 PLICing program for insert. 
Step Temperature [°C] Time [sec] Cycle [-] 
Initial denaturation 94 120 1x 
Denaturation 94 30 
25x Annealing 60 30 
Elongation 68 120 
Final elongation 68 600 1x 
 
Table 19 PLICing program for vector. 
Step Temperature [°C] Time [sec] Cycle [-] 
Initial denaturation 94 120 1x 
Denaturation 94 30 
25x Annealing 60 30 
Elongation 68 270 
Final elongation 68 600 1x 
 
Agarose-TAE gel electrophoresis was performed for vector and gene templates 
according to standard protocols to confirm the presence and size of amplified genes 
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and vectors (Sambrook, Russell 2001). The resulting DNA construct was directly 
transformed into chemically competent E. coli BL21-Gold (DE3) cells (100 µL) 
following a standard protocol (Hanahan et al. 1991). Transformants were grown on 
indicator agar plates (Azo-CMC) (Hughes et al. 2006). 
 
2.2.8. Generation of site-directed saturation and site-saturation mutagenesis 
library 
Site-saturation mutagenesis libraries at position 21, 184, 288, 299, 330, 442 and site-
directed mutagenesis at position 580 were generated according to a published 
method (Wang, Malcolm 1999). The used oligonucleotides for the two mutagenesis 
methods are listed in Table 12. For the mutagenic a two step PCR was used. In step 
one, two reactions are performed in separate tubes; one containing the forward 
primer and the other containing the reverse primer. Subsequently, the two reactions 
were mixed and the step two was carried out. Both PCR programs for the 
mutagenesis reaction are summarized in Table 20. 
Table 20 Two step PCR program for site-saturation and site-directed mutagenesis. 
Step 1 Temperature [°C] Time [sec] Cycle [-] 
Initial denaturation 98 30 1x 
Denaturation 98 30 
3x Annealing 55 60 
Elongation 72 300 
 
Step 2 Temperature [°C] Time [sec] Cycle [-] 
Initial denaturation 98 30 1x 
Denaturation 98 30 
15x Annealing 55 60 
Elongation 72 300 
Final elongation 72 600 1x 
 
Afterwards, the PCR product was purified by using a PCR purification kit (Macherey-
Nagel) and DpnI (40 U) was added to the PCR product. The mixture was incubated 
overnight at 37 °C and transformed into E. coli BL21-Gold (DE3) for expression. 
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2.2.9. Fluorometric assay (4-MUC) for cellulolytic activity 
Highly sensitive fluorescent assay which suits needs of high throughput screening 
systems for identification and quantification of the enzymes with cellulolytic activity 
was employed in this work. Fig. 8 shows the continuous 4-MUC detection system for 
quantification of cellulolytic activity (Chernoglazov et al. 1989; Boschker, Cappenberg 
1994). Upon 4-MUC cleavage, the water soluble fluorophore 4-Methylumbelliferone 
(4-MU) is released and activity is easily recorded in a continuous manner employing 
96-well microtiter plates. The fluorescence intensity of 4-MU is pH-dependent with a 
maximum at a pH value of 10 (Mead et al. 1955). 
After cultivation in MTP and cell lysis, supernatant (40 µL) was transferred into 
96-well microtiter plates (flat-bottomed, polystyrene plates, black), containing 40 µL 
of potassium phosphate buffer (0.2 M, pH 7.2). The enzyme reaction was initiated by 
the addition of 20 µL of 4-MUC with a final concentration of 0.01 mM. The reaction 
mixture was incubated at 30 °C for 15 min in a fluorescence microtiter plate reader 
(Tecan Infinite M1000 Pro), measuring fluorescence (ex.: 330 nm; em.: 450 nm, 
gain 140) every two minutes. Reported values are the average of three 
measurements with average deviations. For the activity measurement in 
seawater/concentrated seawater, the purified cellulase was directly diluted in 
seawater/concentrated seawater. A final calibration curve, fluorescence increase 
versus 4-MU concentration was recorded in 96-well microtiter plate (flat-bottomed, 
polystyrene plates, black) in potassium phosphate buffer (0.2 M, pH 7.2) containing a 
4-MU standard solution (0.02-6 µM) in a final volume of 100 µL. 
 
 
Fig. 8 Principle of the 4-Methylumbelliferyl-ß-D-cellobioside (4-MUC) detection system (Lehmann et al. 
2012)-Reproduced by permission of The Royal Society of Chemistry (RSC). 
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2.2.10. Colorimetric assay (DNSA) for cellulolytic activity  
3,5-Dinitrosalicylic acid (DNSA) is widely used in the estimation of reducing sugars 
and reacts with them and other reducing molecules to form 3-amino-5-nitrosalicylic 
acid, with an absorption maximum at 540 nm (Miller 1959) (Fig. 9). 
 
Fig. 9 Principle of the 3,5-Dinitrosalicylic acid (DNSA) detection system. 
Cellulolytic activity was measured in microtiter-plate using the more complex 
substrate CMC. In the following Table 21 the composition of the DNSA-reagent is 
listed. 
 
Table 21 Composition of DNSA-reagent. 
DNSA-reagent Composition 
Solution A 16 g NaOH dissolved in 100 mL dH20 
Add 10 g DNSA  
Solution B 
 
300 g sodium potassium tartrate tetrahydrate (30% (w/v)) in 
250 mL dH20 
Heat up to 40 °C 
Combine both solutions and fill up to 450 mL with dH20, 
After stirring overnight filtrate the solution and fill up to 1000 mL 
 
For the reaction 2.5 µL from each purified sample was mixed with 50 µL CMC 
(1% (w/w) in potassium phosphate buffer (0.2 M, pH 7.2)) and filled up to a final 
volume of 100 µL with potassium phosphate buffer. For the reaction in DES 
additionally 30% (v/v) ChCl:Gly were added. Both conversions were incubated for 
20 min at 37 °C and the reaction was stopped immediately after adding 100 µL 
DNSA-reagent. The color development was achieved by an incubation step for 
15 min at 95 °C. After cooling down the absorbance was measured at 540 nm. For 
the analysis of the amount of glucose, which was released during the reaction, a 
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standard curve with different glucose concentration in a range of 0.2-5 mM was set 
up. 
 
2.2.11. Molecular modeling 
Since a crystal structure of CelA2 is currently not available, in order to gain first 
insights on the molecular level, a homology model was generated using the 
“homology modeling” routine in the YASARA software (www.yasara.org) (Krieger et 
al. 2002; Krieger et al. 2003). CelA2 shares 41% sequence identity to a Glycosyl 
Hydrolase Familiy 9 (GH9) cellobiosidase from Clostridium cellulovorans 
(http://blast.ncbi.nlm.nih.gov/Blast). 
 
2.2.12. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) 
The SDS-PAGE for CelA2 was performed using a stacking gel (5 % (w/v) acrylamide) 
and a separating gel (15 % (w/v) acrylamide) (Laemmli 1970). Subsequently, the 
SDS-PAGE gel was stained with Coomassie brilliant blue.  
 
3. Results 
In this work the fluorescent 4-MUC screening platform is described and its 
performance in microtiter plates determined for the quantification of cellulolytic 
activity. Subsequently, a directed CelA2 evolution study, comprising epPCR and site-
saturation mutagenesis, was performed in ChCl:Gly to validate the 4-MUC screening 
platform. Resistant CelA2 variants were identified and subsequently characterized in 
aqueous ChCl:Gly solutions and in concentrated seawater (1x and 3x). 
 
3.1. Directed evolution to improve the resistant in deep eutectic solvent and 
seawater 
 
3.1.1. Cloning and expression 
The parent celA2 was ordered as a synthetic gene with optimized codon for 
expression in E. coli. The subcloning from the provided shuttle vector (pMA-CelA2) 
into the expression vector pET28a(+) was generated due to the use of the restrictions 
sites EcoRI and NcoI. After double digestion the fragment was ligated with the T4 
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DNA ligase into the corresponding sites of the plasmid pET28a(+) and the resultant 
recombinant plasmid, pET28a(+)-CelA2 (7151 bp), was constructed (Fig. 10). 
Sequencing results confirmed successful construction of the plasmid. 
 
Fig. 10 Sheme of the constructed pET28a(+)-CelA2. The resulting construct (pET28a(+)-CelA2) was 
used for the generation of epPCR/site-saturation mutagenesis libraries and for the protein expression 
during the directed evolution experiments. 
 
Subsequently the expression vector pET28a(+)-CelA2 was transformed into 
chemically competent E. coli BL21-Gold (DE3) for expression and the cells were 
plated on LB-CMC agar plates. After overnight growth and kongored staining, clear 
zones around colonies were formed, indicating expression of active cellulase Fig. 11.  
 
Fig. 11 Expression of the codon optimized CelA2 wild type on CMC agar plates. 
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After the expression of the codon optimized CelA2 wild type was successfully 
confirmed the synthetic introduced His-tag sequence was tested for his functionality. 
Therefore the CelA2 was expressed in flask and after cell disruption the supernatant 
was purified with the Protino® Ni-TED 2000 packed columns as described in the 
manufacturer`s protocol. In the following Fig. 12 the SDS-gel of the purification is 
shown. 
 
Fig. 12 His-tag purification of CelA2 with Protino
®
 Ni-TED 2000 columns.  
The sample (10 µL) was mixed with 4 µL loading dye and 8 µL was loaded on the SDS-gel. 1) Clear 
lysate after cell disruption with sonicator; 2) Load sample on Protino column; 3, 4) 2x LEW wash; 
5) Elution with 5 mM Imidazole; 6, 7, 8) 3x Elution with 250 mM Imidazole. 
 
The SDS-gel indicates that the used His-tag sequence in the synthetic CelA2 gene is 
working nicely. The purified protein shows only a few impurities, which can be 
improved by further optimization of the existing protocol. 
 
3.1.2. Optimization of fluorescence based screening system 
For every directed evolution experiment the performance of the microtiter plate based 
screening system is the main bottleneck and crucial for identifying improved variants. 
Therefore key parameters such as linear detection range and standard deviation of 
the 4-MUC screening system have to be optimized. A broad linear detection window 
is required for identifying resistant variants reliably and has to be continuously 
adapted for the evolved mutants.  
The detection limit from 4-MU was determined and the correlation of fluorescence 
signal to different 4-MU concentrations is showed in Fig. 13. The detection limit from 
4-MU was 0.02 µM with a linear range up to 6 µM in the presence of potassium 
phosphate buffer (0.2 M, pH 7.2).  
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Fig. 13 A) Correlation of fluorescence intensity (Y-axis) to 4-Methylumbelliferone concentration (0.02-
6 µM 4-MU; R
2 
value= 0.9999) in potassium phosphate buffer (0.2 M, pH 7.2). B) Enlargement of A) to 
indicate the linearity of the 4-MUC fluorescence detection system at low 4-Methylumbelliferone 
concentrations (0.02-0.06 µM 4-MU; R
2 
value= 0.9994). The reported values are the average of three 
measurements and deviations are calculated from the corresponding mean values. The error values 
do not exceed the marker symbols. (Lehmann et al. 2012)-Reproduced by permission of The Royal 
Society of Chemistry (RSC). 
 
The standard deviation of the 96-well microtiter plate based screening system was 
optimized by the time of cultivation before induction and also by the concentration of 
IPTG for induction. Thereby the combination of 2 h cultivation in combination with 
1 mM IPTG (final concentration) results in a sufficient expression level (Fig. 14). 
 
Fig. 14 Expression in TB-medium in microtiter plate with different cultivation time before induction and 
IPTG concentration. 1.5 and 2 h at 37 °C followed by 4 h at 30 °C with 70% humidity and 900 rpm. 
10 µL sample was mixed with 4 µL loading dye and 8 µL was loaded on the SDS-gel.1) 0.1 mM IPTG, 
2) 1 mM IPTG, N) Negative (not induced), P) Positive (induced). 
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Through the optimized growth and screening conditions the standard deviation of the 
96-well microtiter plate based 4-MUC screening system was reduced to 12% 
(Fig. 15A). The preferred screening protocol for the 4-MUC-assay uses 150 µL TBK-
medium, 10 µL cell culture, 4 h expression (30 °C) and a conversion time of 15 min. 
Standard deviations of around 15% for the screening system have been used 
successful in different directed evolution experiments (Seng Wong et al. 2004; 
Shankar et al. 2009). Furthermore the 4-MUC conversion through cellulolytic activity 
is linear up to 25 min in the assay (Fig. 15B) and allows monitoring over a longer 
time if necessary. 
 
Fig. 15 Effect of 5% (v/v) ChCl:Gly in CelA2 activity assay. A) Activity values (changes of fluorescence 
per sec (RFU/sec)) in descending order of CelA2 wild type converting 4-Methylumbelliferyl-ß-D-
cellobioside (4-MUC) in a 96-well microtiter plate. B) Linearity of 4-MU fluorescence over 4-MUC 
conversion time. The reported values are the average of three measurements and deviations are 
calculated from the corresponding mean values. (Lehmann et al. 2012)-Reproduced by permission of 
The Royal Society of Chemistry (RSC). 
 
Subsequently, a directed CelA2 evolution study, by screening an epPCR and in 
addition site-saturation mutagenesis libraries, was performed in ChCl:Gly to validate 
the 4-MUC screening platform and to identify variants of CelA2 with increased 
resistant in ChCl:Gly and concentrated seawater.  
 
3.1.3. Generation of error-prone PCR (epPCR) mutant libraries 
3.1.3.1. Establishment of mutagenesis condition for the generation of epPCR 
library  
For the generation of an epPCR library various concentrations of Mn2+ were used to 
adjust the ratio of active to inactive clones. In several directed evolution experiments 
a one-to-one active to inactive ratio has been empirically proven to be a good 
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mutation load to identify improved variants; especially if small libraries with only a few 
thousands variants are screened (Zhu et al. 2010). 
In total three different concentration of Mn2+ (0.1-0.3 mM) were used in the mutagenic 
PCR for the generation of megaprimers which subsequently were used in the 
MEGAWHOP method (see section 2.2.6). The MEGAWHOP products were 
transformed into E. coli BL21-Gold (DE3). Afterwards clones were randomly picked 
and transferred to a new LB-CMC agar plate for checking the cellulolytic activity after 
kongored staining (Fig. 16). 
 
Mn2+ 0 0.1 0.2 0.3 
% active 100 77 52 29 
 
Fig. 16 Cellulolytic activity after mutagenic PCR with different concentration of Mn
2+
. For each 
concentration of MnCl2 clones were transferred from the transformation plates to LB-CMC agar plates. 
LB-CMC agar plates were stained with kongored. 
 
Finally a concentration of 0.2 mM Mn2+ was employed leading to a fraction of ~52% 
active clones. The epPCR was performed according to the protocol described in 
section 2.2.7. The used oligonucleotides are reported in Table 10. The generated 
epPCR library was screened in potassium phosphate buffer containing 5% (v/v) 
ChCl:Gly. One remarkable CelA2 variant, 4D1, was identified after screening of 2000 
mutants. The CelA2 variant 4D1 was selected to validate the directed cellulase 
evolution protocol and harbors in total six substitutions (L21P; L184Q; H288R; K299I; 
D330G, and N442D). The supernatants of CelA2 and 4D1 expressed in microtiter 
plates show that the relative activity of 4D1 to wild type CelA2 is increased in 
ChCl:Gly (5% (v/v)) by 2.3-fold (Fig. 17). 
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Fig. 17 Relative cellulolytic activities in potassium phosphate buffer (0.2 M, pH 7.2) containing 5% 
(v/v) ChCl:Gly of 4D1 and CelA2 wild type. Relative activity is calculated as the ratio between product 
formation rate (µM/sec) of variant 4D1 and product formation rate (µM/sec) of CelA2 wild type. The 
reported values are the average of three measurements and average deviations from the mean values 
are shown. (Lehmann et al. 2012)-Reproduced by permission of The Royal Society of Chemistry 
(RSC). 
 
3.1.3.2. Generation of site-saturation mutagenesis libraries 
Site-saturation mutagenesis (SSM) experiments were performed at all six amino acid 
positions of 4D1 in order to elucidate the contribution of each amino acid position and 
to improve ChCl:Gly resistance. Site-saturation mutagenesis was performed 
according to the protocol described in section 2.2.8. The oligonucleotides used to 
introduce the amino acid substitutions are reported in Table 12. Two microtiter plates 
were screened for covering more than 99% of the diversity. Four variants were 
identified and selected for re-screening. Furthermore the selected variants were also 
sequenced and analyzed with Clone Manager 9. The results from sequencing are 
shown in the following Table 22. 
Table 22 Sequencing and re-screening results from the identified variants of SSM. 
Variant Amino acid  
substitution 
Cellulolytic activity* 
[%] 
Relative activity in  
5% (v/v) ChCl:Gly**[%] 
CelA2 --- 100 100 
M1 H288R (CATCGG) --- 280 
M2 H288F (CATTTT) 835 n.d. 
M3 H288F (CATTTT) 814 n.d. 
M4 H288F (CATTTT) 801 n.d. 
*  Cellulolytic activity is the cellulolytic activity of variants before the treatment with ChCl:Gly 
** Relative activity is calculated as the ratio between product formation rate (µM/sec) of variant and 
product formation rate (µM/sec) of CelA2 wild type  
n.d.: not determined 
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SSM revealed that the increase in performance of variant 4D1 can be attributed to 
the amino acid substitution at position 288. Variant M1 has only one substitution 
(H288R) and showed an almost identical “behavior” as variant 4D1 in respect to 
ChCl:Gly resistance (Fig. 17). 
Beyond those also three variants M2-M4 showed an increased cellulolytic activity 
(8-fold) compared to the CelA2 wild type at the same position. From the sequencing 
results it is shown that all identified variants with a higher cellulolytic activity had the 
same amino acid substitution (H288F) and confirm the robustness of the 4-MUC 
assay (Table 22). 
 
3.1.4. Purification of selected variants 
In order to perform a detailed characterization of the selected variants with improved 
residual activity, a protein purification step was performed. The purification is a 
required step to eliminate the differences in expression levels, in order to confirm the 
data obtained from the cell culture supernatant. Preparation of the samples is 
described in detail in section 2.2.5. 
CelA2, 4D1, M1 (H288R) and M2 (H288F) were expressed in shaking-flask cultures 
and purified using the Protino® Ni-TED 2000 packed columns. The purity of the 
variants was measured with the ExperionTM system from Bio-Rad (Fig. 18). 
 
Fig. 18 Experion
TM
 analysis of the purified CelA2 wild type, 4D1, M1, and M2 variant. The samples 
were produced as described in the manufacturer`s protocol and analyzed in duplicate. L) Ladder in 
kDa; 1) CelA2 wild type; 2) 4D1 (L21P; L184Q; H288R; K299I; D330G; N442D); 3) M1 (H288R); 4) M2 
(H288F). 
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The obtained purity was for all variants >91% and the total protein concentration of 
the purified samples were determined using the BCA assay (Table 23). 
Table 23 Calculated specific protein concentration for each variant after the purification. 
Variant Specific conc. [mg/mL] 
CelA2 0.36 
4D1 (L21P; L184Q; H288R; K299I; D330G; N442D) 2.63 
M1 (H288R) 1.61 
M2 (H288F) 0.55 
 
3.1.5. Characterization of purified variants in ChCl:Gly  
Subsequently, after the purification of all variants, a characterization of ChCl:Gly 
resistance was performed in 5 and 30% (v/v) (Fig. 19). 
 
 
Fig. 19 Specific activity (A) and residual activity (B) of CelA2, 4D1, M1, and M2 in 5 and 30% (v/v) 
ChCl:Gly. One unit was defined as the amount of cellulase that catalyzes the conversion of 1 µmol of 
4-MUC per minute. All values reported are the average of three measurements and deviations are 
calculated from the corresponding mean values. Values are normalized to protein content based on 
BioRad Experion analysis. Residual activity was defined as ratio of activity of variant in 5 and 30% 
(v/v) ChCl:Gly and activity in potassium phosphate buffer (0.2 M, pH 7.2) in absence of ChCl:Gly. 
(Lehmann et al. 2012)-Reproduced by permission of The Royal Society of Chemistry (RSC). 
 
In Fig. 19A an 8.7-fold increased specific activity of variant M2 was found when 
compared to CelA2 in potassium phosphate buffer; 4D1 and M1 showed a reduced 
specific activity (15.1 U/mg (CelA2) to 10.8 U/mg (4D1) and M1 (10.2 U/mg). At 5% 
(v/v) ChCl:Gly CelA2 lost 75% of its specific activity (3.7 U/mg) in contrast to 4D1 and 
M1 which lost only 25% (8 U/mg). The specific activity at 30% (v/v) ChCl:Gly for 
CelA2 is very low (9-fold reduced), 4D1 as well as for M1 which lost around 75% of 
its activity (3.0 U/mg), and the variant M2 lost 98% (3.4 U/mg). Specific and residual 
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activities for the variants (CelA2, 4D1, M1 and M2) in ChCl:Gly are summarized in 
detail in Table 24 and Table 25. 
The variants 4D1 and M1 have a 2.3-fold improved residual activity compared to 
CelA2 at 5% (v/v) ChCl:Gly (Fig. 19B). A similar trend is observed at 30% (v/v) 
ChCl:Gly for both variants (residual activity is 7.5-fold increased). The variants CelA2 
and M2 have no measurable activity at 30% (v/v) ChCl:Gly and can be classified as 
“inactive”. 
 
3.1.6. Characterization of purified variants in seawater 
The performance of CelA2, 4D1, M1, and M2 in seawater and 3-fold concentrated 
seawater was determined to quantify their resistance towards high saline 
concentrations (Fig. 20). 
 
 
Fig. 20 Specific activity (A) and residual activity (B) of CelA2, 4D1, M1, and M2 in seawater and 3-fold 
concentrated seawater. One unit was defined as the amount of cellulase that catalyzes the conversion 
of 1 µmol of 4-MUC per minute. All values reported the average of three measurements and 
deviations are calculated from corresponding mean values. The values are normalized to protein 
content based on BioRad Experion analysis. Residual activity was defined as ratio of activity of a 
variant in seawater and concentrated seawater (3x) and activity in potassium phosphate buffer (0.2 M, 
pH 7.2) without seawater. (Lehmann et al. 2012)-Reproduced by permission of The Royal Society of 
Chemistry (RSC). 
 
Fig. 20A shows that the specific activity of CelA2 drops in seawater by 63% 
(5.5 U/mg) and in concentrated seawater (3x) by 55% (6.9 U/mg). Quite remarkably, 
variants 4D1 and M1 displayed higher specific activities in seawater and 
concentrated seawater compared to CelA2 (seawater: 5.5 U/mg (CelA2) to 9.3 U/mg 
(4D1) and to 11.9 U/mg (M1); concentrated seawater (3x): 6.9 U/mg (CelA2) 
compared to 11.3 U/mg (4D1) and 15.0 U/mg (M1).  
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In Fig. 20B the residual activities of CelA2, 4D1, M1, and M2 are shown and M1 has 
again an enhanced resistance in seawater (1.2-fold) and concentrated seawater (3x; 
1.4-fold). The specific and residual activities for the variants in seawater are 
summarized in Table 24 and Table 25. 
The specific activity of 4D1 in 5% (v/v) ChCl:Gly was comparable to its specific 
activity in seawater (8.2 U/mg compared to 9.3 U/mg). 4D1’s specific activity is 
decreased by 3.6-fold in 30% (v/v) ChCl:Gly, whereas it does not significantly change 
in concentrated seawater (3x). The specific activities measured in seawater and 
3-fold concentrated seawater were comparable with activity measured in potassium 
phosphate buffer (9.3 U/mg and 11.3 U/mg compared to 10.8 U/mg). 
 
Table 24 Specific activity of CelA2, 4D1, M1, and M2 in the presence of ChCl:Gly, seawater and 3-fold 
concentrated seawater. 
Specific activity [U/mg] 
Variant Buffer 
5% (v/v)  
ChCl:Gly 
30% (v/v)  
ChCl:Gly 
Seawater 3x Seawater 
CelA2 15.1 ± 0.4 3.7 ± 0.2 0.4 ± 0.1 5.5 ± 0.8 6.9 ± 0.1 
4D1 10.8 ± 0.5 8.2 ± 0.2 3.0 ± 0.1 9.3 ± 0.3 11.3 ± 0.6 
M1 10.2 ± 0.3 7.6 ± 0.1 3.0 ± 0.2 11.9 ± 1.3 15.0 ± 0.1 
M2 131.2 ± 2.4 36.5 ± 1.2 3.4 ± 0.4 50.8 ± 5.7 25.5 ± 2.1 
One Unit was defined as the amount of cellulase that catalyzes the conversion of 1 µmol of 4-MUC per 
minute. All values reported the average of three measurements; average deviations from the mean 
values are shown. 
 
Table 25 Residual activity of CelA2 wild type, 4D1, M1, and M2 in the presence of ChCl:Gly, seawater 
and 3-fold concentrated seawater. 
Residual activity [%] 
Variant Buffer 
5% (v/v)  
ChCl:Gly 
30% (v/v)  
ChCl:Gly 
Seawater 3x Seawater 
CelA2 100 ± 2.0 24.3 ± 3.9 2.6 ± 9.0 36.7 ± 11.3 45.6 ± 1.6 
4D1 100 ± 3.9 75.8 ± 1.6 27.9 ± 1.3 85.6 ± 2.7 104.1 ± 3.9 
M1 100 ± 2.1 74.8 ± 0.7 29.3 ± 7.1 116.2 ± 8.3 147.1 ± 4.6 
M2 100 ± 1.4 27.8 ± 2.6 2.6 ± 9.7 38.7 ± 8.5 19.4 ± 6.2 
One unit was defined as the amount of cellulase that catalyzes the conversion of 1 µmol of 4-MUC per 
minute. All values reported the average of three measurements; average deviations from the mean 
values are shown. Residual activity (%): activity of variant with addition of co-solvent divided by the 
activity of the same variant in absence of co-solvent (0.2 M potassium phosphate buffer, pH 7.2). 
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3.1.7. Characterization of purified variants with Carboxymethyl-Cellulose  
The enzyme conversion of the purified variants was also determined with the more 
complex substrate carboxymethyl-cellulose (CMC) in combination with the DNSA 
assay (see section 2.2.10). The goal was to discover, if the evolved variants still can 
convert complex substrates, and not only the artificial 4-MUC. In the following Fig. 21 
the measured product release of the different enzyme conversions are shown. 
 
 
Fig. 21 Measured activity of purified CelA2 and variants using the complex substrate carboxymethyl-
cellulose (CMC). Product release (glucose) was defined as mM glucose per mg protein after 20 min 
reaction. Glucose concentration was measured using the DNSA assay. (Lehmann et al. 2012)-
Reproduced by permission of The Royal Society of Chemistry (RSC). 
 
In Fig. 21 a conversion of all three improved variants with the complex substrate 
CMC was detected. The variant M2 showed again an increased cellulolytic activity 
compared to CelA2 wild type (5-fold). Furthermore a similar behavior of the evolved 
variants in 30% (v/v) ChCl:Gly compared to the characterization with the 
fluorescence assay (4-MUC) is shown. The variant 4D1 and M1 are more resistant 
compared to the CelA2 wild type (2-fold with CMC) although the improvement in 
resistance is not as high as with the artificial substrate (7.5-fold with 4-MUC). 
 
3.1.8. Generation of homology model of CelA2 wild type 
For a better understanding of the identified amino acid substitutions in the improved 
variant a homology model with the “homology modeling routine” of the YASARA 
software was generated (Krieger et al. 2002). Four different crystallographic 
structures were used as templates (PBD ID: 3RX7 in complex with cellotetraose-like 
isofagomine; 1CLC; 1UT9; 1RQ5) selected automatically using the PSI-BLAST 
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algorithm. After the Molecular dynamic (MD) calculations, a total of 18 models were 
generated, analyzed, sorted by Z-score and a unique hybrid model consisting on an 
energy minimized structure based on 3RX7 was selected. This hybrid model was 
finally analyzed for the molecular dynamics and its quality was evaluated. The 
homology model was generated only on the basis of 41% sequence identity to a 
Glycosyl Hydrolase Family 9 (GH9) cellobiosidase from Clostridium cellulovorans, 
and it was necessary to validate the homology model through the proof of the right 
active site. 
In the literature, for the cellobiohydrolase CbhA (PDB 1UT9), there are three residues 
proposed to play an important role in the catalytic reaction (Schubot et al. 2011). 
Furthermore it was shown that through a single amino acid substitution in the active 
site (E795Q), the cleavage mechanism was completely inactivated. Through a 
sequence alignment the catalytic important residue E795 was proposed to be the 
position E580 in the active site of the CelA2 wild type. For the validation of the 
proposed position a site-directed mutagenesis (E580Q, inactive) was performed 
according to the protocol described in section 2.2.8. The oligonucleotides used to 
introduce the amino acid substitution are reported in Table 12. Furthermore also a 
site-directed mutagenesis was performed for the reversed mutation of the “inactive” 
variant (E580Q) into the active CelA2 wild type (Q580E). The “inactive variant” was 
expressed in flask together with the back-mutated active variant, the CelA2 wild type 
and the empty vector pET28a(+). The cellulolytic activity of the supernatant after cell 
lysis through sonication was determined with the fluorescence assay (4-MUC) (see 
section 2.2.9) and the result are shown in the following Fig. 22. 
 
Fig. 22 4-MUC assay after expression and cell lysis of CelA2 wild type, pET28a(+) and variant 
Q580E(active) and E580Q (inactive). 
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Variant E580Q behaved like the empty vector pET28a(+) and therefore no 
conversion of the fluorogenic substrate was observed. However, the back-mutated 
variant showed again like the CelA2 wild type an increase of the fluorescence signal 
over the time. The difference between the back-mutated variant and CelA2 wild type 
in the fluorescence signal can be explained by different expression levels in the flask 
and furthermore an incomplete disruption of the cells during the sonication step. This 
result validated not only the homology model but also the right proposed active site 
with the catalytic residue, which is responsible for the substrate cleavage. In Fig. 23 
the CelA2 wild type homology model with the identified amino acid substitutions from 
variant 4D1 is shown. 
 
 
Fig. 23 Homology model of CelA2 wild type generated with the YASARA software package. Positions 
which were substituted in variant 4D1 (L21P; L184Q; H288R; K299I; D330G and N442D) are 
highlighted in dark grey. Homology model is based on PBD ID 3RX7. Position 21 is excluded and in 
light green the substrate isofagomine of PDB 3RX7 is shown above the active site. Amino acid E580 is 
the catalytic residue responsible for isofagomine cleavage. (Lehmann et al. 2012)-Reproduced by 
permission of The Royal Society of Chemistry (RSC). 
 
4. Discussion 
Biodegradable deep eutectic solvents and seawater are attractive solvents for 
dissolution of polymeric biomass fractions like cellulose. Enzymes are in general not 
designed by nature to operate in liquid salts. In order to achieve high conversions in 
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homogenous catalysis of dissolved cellulose, cellulases have to be reengineered to 
operate efficiently in salty effluents. Prerequisite for directed cellulase evolution are 
robust high throughput screening systems (HTS) to identify improved variants. Main 
performance criteria for a HTS system in microtiter plate are: low standard deviation, 
low background, high sensitivity and whether the product formation is recorded as 
end point or continuously. The standard deviation of the 4-MUC detection system is 
~12% at optimized screening conditions. Comparable microtiter plate based 
screening systems with standard deviations below 15% have been successfully used 
for other enzymes classes in directed evolution experiments (Tee, Schwaneberg 
2006; Despotovic et al. 2012). 
The calculated specific activity of CelA2 wild type determined with 4-MUC 
(15.1 U/mg) is in agreement with the published data from Ilmberger et al. (11.9 U/mg) 
which was determined with the standard colorimetric dinitrosalicylic acid assay 
(DNSA) (Miller 1959). Apart from the DNSA detection system, the p-hydroxyl benzoic 
acid hydrazide (PAHBAH) (Lever 1972) has been used as colorimetric assay in 
directed evolution experiments. DNSA and PAHBAH are endpoint detection systems 
with reported sensitivities of 37 mM and 5 mM (Percival Zhang et al. 2006). 
Sensitivity of the 4-MUC reaches 0.02 µM and offers the possibility to record product 
formation continuously and to stop conversions in the linear detection range as well 
as to compensate variations in expression levels. 
The 4-MUC detection system was validated by directed CelA2 evolution for improved 
resistance in a deep eutectic solvent (ChCl:Gly). After screening a random 
mutagenesis library (2000 clones), variant 4D1 was identified harboring six amino 
acid substitutions (L21P; L184Q; H288R; K299I; D330G, and N442D). Site-saturation 
mutagenesis revealed that position H288 plays an important role for CelA2 activity 
(M2; H288F) and ChCl:Gly resistance (M1; H288R). Position H288 was the only 
position which altered as individual substitution the activity and/or resistance in 
ChCl:Gly or seawater.  
We chose 5% (v/v) ChCl:Gly as initial screening condition since the activity of CelA2 
is already 25% of that in absence of ChCl:Gly. Although this “low” DES concentration 
does not represent the real conditions when DES are used as main solvents, it 
actually provides a useful entry to assess how polysaccharides coming from aqueous 
solutions with anions and cations (as they may well come from pretreated biomass 
with DES or ILs in biorefineries) can be processed with cellulases directly in these 
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media, without requiring further purifications or work-up procedures. For example, it 
has recently been shown that different DES are able to solubilize lignin, but not 
cellulose (Francisco et al. 2012). This new approach might provide novel separation 
approaches of lignin and polysaccharides, and treated cellulose fractions would 
include residual amounts of these solvents. Furthermore, cellulase variants 
withstanding higher DES concentrations can be generated in iterative rounds of 
directed evolution with the developed 4-MUC screening platform. 
Position 288 is located at the entrance of the active site and in close proximity to the 
modeled substrate (isofagomine). The variant M1 (H288R) displayed a lower specific 
activity than CelA2 in potassium phosphate buffer (8.2 U/mg versus 10.2 U/mg), 
suggesting that arginine in position 288 is detrimental for substrate binding. On the 
other hand, M1 showed a higher specific activity in 30% (v/v) ChCl:Gly (7.5-fold) and 
in concentrated seawater (3x; 1.5-fold) when compared to CelA2 wild type. The 
substitution H288R is therefore beneficial when the ionic strength of the solvent is 
increased. Variant M2 (H288F) showed a 8.7-fold higher specific activity in absence 
of ChCl:Gly when compared to CelA2, suggesting an improved substrate binding in 
potassium phosphate buffer (Fig. 24). 
 
 
Fig. 24 Homology model of the CelA2 wild type and the improved variants M1 (H288R) and 
M2 (H288F). Homology model is based on PBD ID 3RX7. The substrate isofagomine of PDB 3RX7 is 
shown above the active site. 
 
A similar trend was observed for M1 and M2 when the more complex substrate 
carboxymethyl-cellulose was used for the conversion in ChCl:Gly (Fig. 21). Therefore 
it can be proposed, that the improvement in activity as well as in resistance does not 
only exist on the artificial substrate but also on the more “real” one in biorefineries. 
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Efficient degradation of cellulose and hemicellulose from biomass requires enzyme 
cocktails comprising hemicellulase, cellobioase, endo- and exo-glucanase. The 
developed directed cellulase evolution protocol can be extended to these enzymes in 
the presence of ChCl:Gly, in order to develop enzyme cocktails which efficiently 
degrade cellulosic biomass in biorefineries. 
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Part III: Generation of salt-activated cellulases CelA2 variants by 
directed evolution 
1. Introduction 
1.1.  Aim of the part 
The aim of this work is to further study and improve the performance of variants 
showing increased DES and seawater resistance (Part II). A particular variant 
(H288F, S300R) showed only marginal activity in phosphate buffer; However, by 
increasing the ionic strength in the reaction system, the cellulolytic activity was 
increased. Therefore the objective was to study the effect of the amino acid 
substitutions of the novel variant in order to investigate structure-function relationship 
involved in this mechanism. The chosen approach was the generation of site-directed 
and site-saturation mutagenesis libraries in combination with Molecular dynamic 
(MD) simulation studies. 
 
1.2.  Bio based biofuels and halophilic enzymes 
The economic and environmental limitations of fossil fuels have increased the 
interest in using renewable biomaterials for the production of energy and bulk or fine 
chemicals. In the last few years, research efforts have been focused on the use of 
plant biomass as primary raw material for the production of second generation 
biofuels, due to their abundant and inexpensive nature (Wilson 2009). The most 
common polysaccharide in vegetal biomass is cellulose, a long homogenous 
polysaccharide chain consisting up to thousands glucose residues linked by ß-1,4 
glycosidic bonds. One of the most promising technologies for the production of 
biofuels is the combination of hydrolysis of lignocellulose through enzymatic 
processes by the use of cellulases and the subsequently fermentation of the sugars 
to ethanol (Sun, Cheng 2002). 
There are two major challenges for reaching such a process, the first one is the very 
low catalytic efficiency of the majority of the cellulases over non-treated cellulose 
(Mansfield et al. 1999) and the second that most proposed pretreatment steps for 
separation and dissolution of cellulose out of lignocellulose apply under extreme 
chemical, physical or thermal conditions (Taherzadeh, Karimi 2008). 
For physical treatment a high energy input is necessary and the most used methods 
include mechanical grinding, steam explosion and pyrolysis. Chemical treatments 
include acid and alkaline hydrolysis. The main disadvantage of acid pretreatment is 
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the formation of chemicals (such as vanillin, furfural, and 5-hydroxy-methylfurfural), 
which can inhibit the following enzymatic hydrolysis (Heer, Sauer 2008) and for the 
alkaline hydrolysis that a significant part of the lignin is still mixed with the cellulose. 
In order to overcome these challenges, it is necessary to increase the overall 
catalytic efficiency of cellulases under a variety of conditions such as high 
temperature, alkaline/acid environment, and salty effluents. 
Investigation on the thermostability of CelA12 from the fungus T. reesei emphasized 
that one residue is the critical for stability (A35V; A35S) where structure-function 
analysis proposed that changes in the hydrophobic interactions in the vicinity of this 
position could be responsible for the changes in protein stability (Sandgren et al. 
2003).  
Shifting the pH optimum of a cellobiohydrolase (CelA7A) towards more alkaline 
values (from 5.9 to 6.8) was achieved through the introduction of 5 point mutations 
(E223S; A224H; L225V; T226A; D262G) where residue H224 near the acid/base 
could account for the higher pH optimum (Becker et al. 2001). Further investigation 
showed that the introduced amino acid substitutions have also a detrimental effect on 
thermostability (Boer, Koivula 2003). Furthermore, the specific activity of Cel5A 
against CMC was increased by 2-fold, identifying in total three residues (I13; V249; 
I321) which are located on the surface (Liang et al. 2011a). 
There is also great interest in enzymes which can operate efficiently under high salt 
conditions, regardless of the salts used in chemical pretreatment process (seawater, 
ILs, or DES) (Swatloski et al. 2002; Zhang et al. 2012a). Halophilic bacteria are the 
preferred source for identifying salt-tolerant cellulases, due to their ability to maintain 
osmotic balance in hypersaline habitats (Margesin, Schinner 2001). However, 
research on halophilic cellulases has been addressed only to a very limited extent. 
Some halophilic bacteria were isolated from salt mines, which showed cellulolytic 
activity (Birbir et al. 2007). However, the effect of NaCl on the activity has been 
investigated only for a few halophilic cellulases [endoglucanases from Bacillus 
agaradhaerens (Hirasawa et al. 2006) and Bacillus sp. C14 (Aygan, Arikan 2008), 
cellulase from Salinivibrio sp. NTU-05 (Wang et al. 2009)]. The endoglucanase 
(CelA5) isolated from mangrove soil showed a 1.6-fold increased activity in 0.5 M 
NaCl compared to that without NaCl. Furthermore it was shown that the NaCl has not 
only a positive effect on the enzyme activity but also on the thermostability (Gao et al. 
2010). The cellulase CelB from halophilic Bacillus sp. BG-CS10 showed as well an 
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increase in enzymatic activity (10-fold) and improved thermostability in presence of 
2.5 M NaCl (Zhang et al. 2012a).  
In this work, the resistance of the recently identified CelA2 cellulase variants M1 
(H288R) and M2 (H288F), was further optimized for hydrolysis in salty effluents such 
as DES (ChCl:Gly) as well as in the cellulose dissolving ionic liquid ([BMIM]Cl), 
through a directed evolution campaign. As a result, a novel “salt-activated” CelA2 
variant was identified which showed no activity in phosphate buffer and high activity 
at increased ionic strength. For the first time, a non-halophilic cellulase was 
generated, which is activated in salty effluents. The “salt-activated” variant was 
characterized in DES, IL and NaCl and a hypothesis of the structure-function 
relationship of this phenomenon was proposed based on Molecular dynamic (MD) 
simulations. 
 
2. Materials and Methods 
All chemicals were of analytical-reagent grade or higher quality and were purchased 
from Carl Roth GmbH (Karlsruhe, Germany), Sigma-Aldrich (Hamburg, Germany) 
and AppliChem (Darmstadt, Germany). Enzymes were purchased from New England 
Biolabs (Beverly, USA) and Fermentas (St. Leon-Rot, Germany). 
 
2.1. Generation of site-saturation and site-directed mutagenesis library 
Single site-saturation mutagenesis (SSM) libraries at position 285, 287, 298, 300 and 
one triple SSM (position 288, 299 and 300) as well as site-directed mutagenesis 
(SDM) at position 299 and 300 were generated according to the published method 
(Wang, Malcolm 1999). PCR protocol and the modified primers used for mutagenesis 
are describes in Table 26 - Table 28. The resulting PCR product was purified using a 
PCR purification kit (Macherey-Nagel), digested using DpnI and transformed into 
E. coli BL21-Gold (DE3) for expression. 
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Table 26 Compositions for the different PCR reactions. 
Components 
 
Template 
[ng/µL] 
Primer 
[µM] 
dNTP  
[mM] 
PfuS Polymerase  
[U] 
Two step PCR 35 20 10 2.5 
 
Table 27 Two step PCR program for site-saturation and site-directed mutagenesis. 
Step 1 Temperature [°C] Time [sec] Cycle [-] 
Initial denaturation 98 30 1x 
Denaturation 98 30 
3x Annealing 55 60 
Elongation 72 300 
 
Step 2 Temperature [°C] Time [sec] Cycle [-] 
Initial denaturation 98 30 1x 
Denaturation 98 30 
15x Annealing 55 60 
Elongation 72 300 
Final elongation 72 600 1x 
 
Table 28 Primers for site-saturation and site-directed mutagenesis library (underlined indicates 
randomized codons). 
Primer name Sequence 5’-3’ 
SSM_285_Fw CATAAAGTTACCNDTAAAGATTTTGCACCGATGACC 
SSM_285_Rev GGTCATCGGTGCAAAATCTTTAHNGGTAACTTTATG 
SSM_287_Fw GTTACCGCAAAANDTTTTGCACCGATGACC 
SSM_287_Rev GGTCATCGGTGCAAAAHNTTTTGCGGTAAC 
SSM_288_Fw CATAAAGTTACCGCAAAAGATNNKGCACCGATGACCATTCTG 
SSM_288_Rev CAGAATGGTCATCGGTGCMNNATCTTTTGCGGTAACTTTATG 
SSM_298_Fw CTGCCGCATGAANDTAAAAGACCGCTGTATC 
SSM_298_Rev GATACAGCGGTCTTTTAHNTTCATGCGGCAG 
SSM_299/300_Fw CTGCCGCATGAAGATNDTNDKCCGCTGTATCTGAGTC 
SSM_299/300_Rev GACTCAGATACAGCGGMHNAHNATCTTCATGCGGCAG 
SSM_300_Fw CATGAAGATAAANNKCCGCTGTATCTGAG 
SSM_300_Rev CTCAGATACAGCGGMNNTTTATCTTCATG 
SDM_300_Fw CTGCCGCATGAAGATAAAAGACCGCTGTATCTGAGTCC 
SDM_300_Rev GGACTCAGATACAGCGGTCTTTTATCTTCATGCGGCAG 
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2.2. Growth conditions and expression in 96-well microtiter plates 
Colonies displaying cellulolytic activity on Azo-CMC agar plates were transferred into 
96-well microtiter plates (flat-bottom, polystyrene plates). The cultivation and enzyme 
expression in microtiter plates were performed as previously described (part II 
section 2.2.4) and the supernatants were subsequently used for the fluorometric 
screening assay (part II section 2.2.9). 
 
2.3. Growth conditions and expression in 96-deepwell plates 
Colonies were transferred into 96-well microtiter plates (flat-bottomed, polystyrene 
plates), containing 150 µL LBK-medium. After overnight cultivation in a microtiter 
plate shaker (37 °C; 900 rpm; 70% humidity), 40 µL from each well was transferred 
into a second series of 96-deepwell plates (v-bottom, polypropylene plates; 
Expression plates) containing 600 µL terrific broth medium supplemented with 50 µg 
mL-1 kanamycin (TBK-medium). The overnight plates (Master plates) were stored 
at -80 °C after addition of 50 µL (80% (v/v)) glycerol. Expression plates were 
cultivated for 2 h at 37 °C and 900 rpm. Protein overexpression was induced by 
adding 0.1 M IPTG, followed by incubation at 30 °C and 900 rpm for 5 h. Cells were 
harvested by centrifugation for 15 min (4000xg; 4 °C). Cell pellets were re-suspended 
in 500 µL lysozyme solution (1 mg mL-1 in potassium phosphate buffer; 0.2 M, 
pH 7.2). Subsequently, the plates were incubated at 37 °C and 900 rpm for 1 h. 
Afterwards the deepwell plates were centrifuged for 15 min (4000xg; 4 °C) and the 
supernatant was used for the colorimetric screening assay. 
 
2.4. Fluorometric assay for cellulolytic activity of CelA2 
Cellulolytic activity was measured using 4-Methylumbelliferyl-ß-D-cellobioside 
(4-MUC) as a fluorogenic substrate (Chernoglazov et al. 1989; Boschker, 
Cappenberg 1994). The cultivation and enzyme reaction was performed as described 
in part II section 2.2.9. 
 
2.5. Colorimetric assay for cellulolytic activity of CelA2 
Cellulolytic activity was measured using 4-p-nitrophenyl-ß-D-cellobioside (4-pNPC) 
as a colorimetric substrate (Deshpande et al. 1984; Kohring et al. 1990). After 
cultivation in deepwell plates and cell lysis, supernatant (120 µL) was transferred into 
96-well microtiter plates (flat-bottom, polystyrene plates, clear), containing 30 µL of 
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potassium phosphate buffer (0.2 M, pH 7.2). The enzyme reaction was initiated by 
adding 50 µL of 4-pNPC with a final concentration of 0.25 mg/mL. The reaction 
mixture was incubated at RT for 3 h and the absorbance was measured every 30 min 
at 410 nm due to the liberation of 4-p-nitrophenol (ε= 18000*M-1*cm-1). Reported 
values are the average of three measurements with average deviations. 
 
2.6. Molecular modeling and molecular dynamics simulations 
A homology model of CelA2 was generated using the “homology modeling” routine of 
the YASARA software Version 12.11.25 (Krieger et al. 2002). Four different X-ray 
crystal structures were used as templates (PBD ID: 3RX7; 1CLC; 1UT9; 1RQ5), 
selected by sequence identity and coverage using the PSI-BLAST algorithm. The 
final homology model based on 3RX7 (36.8% sequence identity) with bound 
substrate isofagomine was selected for further analysis (Morera et al. 2011). The 
homology model was neutralized and solvated in a periodic box containing TIP3P 
(Miyamoto, Kollman 1992) water and 0.9% (low ionic strength) or 7.5% (high ionic 
strength) NaCl. All Simulations were performed using AMBER03 (Duan et al. 2003) 
and GAFF force field (Wang et al. 2004); partial charges were derived using the 
AM1/BCC procedure (Jakalian et al. 2002) implemented in YASARA. Electrostatics 
were calculated using a cutoff of 7.86 Å, long range interactions were calculated by 
using particle-mesh Ewald integration. Bond length to hydrogens and bond angles in 
water were constrained to speed up the simulation. After initial minimization by 
steepest descent and simulated annealing until convergence (<0.02 kJ/mol per atom 
during 200 steps) were reached, we performed 50 ns molecular dynamic simulation 
at 298K by rescaling the time averaged atom velocities using a Berendsen 
thermostat (Krieger et al. 2004) and a solvent density of 0.997 g/L. Snapshots are 
taken every 25 ps and the recorded trajectories were statistically analyzed using 
YASARA and VMD1.8. 
 
2.7. Ionic liquids (ILs) and Deep eutectic solvents (DES) 
In this study, 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) was used (Merck, 
Darmstadt, Germany) which was not liquid at RT. The melting point of this IL was 
lowered with the addition of 8.6% (v/w) H2O. 
Choline chloride:glycerol (ChCl:Gly) was used as model DES for the directed 
evolution. The preparation is described in part II section 2.1.4. 
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3. Results 
In order to generate cellulase variants with increased resistance in salty effluents, the 
identified cellulase variants M1 (H288R) and M2 (H288F) (see part II) were 
subjected to another round of directed protein evolution. For screening in DES 
(ChCl:Gly), the validated 4-MUC detection system was used whereas the 4-pNPC 
detection system (Deshpande et al. 1984; Kohring et al. 1990) was used as 
screening method in presence of [BMIM]Cl. As a first goal, the colorimetric 4-pNPC 
screening platform was optimized for the determination of cellulolytic activity in ionic 
liquids in microtiter plates. 
 
3.1. Principle of the 4-pNPC detection system 
The continuous detection system (4-pNPC) (Deshpande et al. 1984) is shown in 
Fig. 25 and can be used for the quantification of the cellulolytic activity in ionic 
liquids. After the cleavage the soluble 4-pNP is released and the product 
accumulation can be measured continuously at absorbance 410 nm in 96-well 
microtiter plates. The conversion was determined in potassium phosphate buffer 
(0.2M, pH 7.2) due to CelA2 properties. 
 
 
Fig. 25 Principle of the 4-p-nitrophenyl-ß-D-cellobioside (4-pNPC) detection system in which 4-pNP is 
hydrolyzed by CelA2, producing cellobioside and the colorimetric product 4-p-nitrophenol (4-pNP). 
 
3.2. Performance criteria for the 4-MUC and 4-pNPC detection system 
In Fig. 26 the genealogic tree of the directed evolution campaign is shown, starting 
with the generation of the diversity, expression in microtiter (4-MUC) as well as in 
deepwell plate (4-pNPC) and the screening/rescreening with the matching detection 
system (4-MUC for ChCl:Gly and 4-pNPC for [BMIM]Cl). Expression mutants were 
eliminated by measuring the performance in presence or absence of 
ChCl:Gly/[BMIM]Cl and due to the residual activity ratios calculation. 
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Fig. 26 Genealogic tree of the directed evolution campaign of CelA2: 1) Mutant library generation by 
SSM/SDM and transformation into E. coli BL21-Gold (DE3) cells, 2) Cultivation and expression in 
microtiter as well as in deepwell plate, 3) Screening of CelA2 mutants in 96-well microtiter plates 
employing the 4-MUC and 4-pNPC detection system in the absence and presence of 
ChCl:Gly/[BMIM]Cl, 4) Structure-function analysis of identified amino acid substitutions in a homology 
model. 
 
The crucial step for the identification of improved variants in a directed evolution 
campaign is a reliable detection system, which should fulfill key parameters such as 
low standard deviation and linear detection. The optimized performance of the 
4-MUC detection system in combination with ChCl:Gly was already described in 
part II section 3.1.2. The 4-pNPC screening system was optimized in case of growth 
and screening conditions and therefore leads to a reduction of the standard deviation 
of the 96-well microtiter plate based system to 13% (Fig. 27A). The preferred 
screening protocol for the 4-pNPC uses 600 µL TBK-medium, 40 µL cell culture, 5 h 
expression at 30 °C and a conversion time of 3 h. Furthermore the detection range is 
linear up to 5 h for the screening system (Fig. 27B). 
 
Fig. 27 Effect of 7.5% (v/v) [BMIM]Cl in CelA2 activity assay. A) Activity values (change of absorbance 
per hour (abs/h) in descending order of CelA2 wild type converting 4-p-nitrophenyl-β-D-cellobioside 
(4-pNPC) in a 96-well microtiter plate. B) Linearity of absorbance over 4-pNPC conversion time. The 
reported values are the average of three measurements and deviations are calculated from the 
corresponding mean values. 
 
3.3. Generation of site-saturation and site-directed mutagenesis library 
Fig. 28 shows the summary of the directed evolution campaign in combination with 
the obtained variants. CelA2, 4D1 as well as variant M1 and M2 were already 
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identified and were described in part II. The variant 4D1 (L21P; L184Q; H288R; 
K299I; D330G; N442D) and M1 (H288R) showed an increase specific activity in 30% 
(v/v) ChCl:Gly (7.5-fold) and in 3x concentrated seawater (1.5-fold). On the other 
hand, M2 showed a higher specific activity (8.7-fold) in the absence of ChCl:Gly 
compared to CelA2. 
 
Fig. 28 The scheme of the directed evolution campaign with the obtained variants. Variants 4D1, M1 
and M2 were already described in part II. 
 
Site-saturation mutagenesis (SSM) experiments at all six amino acids positions of 
4D1 were performed to identify the contribution of each amino acid to the resistance. 
During the screening procedure, 200 colonies per amino acid position were 
screened, one additional variant (M3; K299I, S300R) with an increased resistance 
towards 5% (v/v) ChCl:Gly was obtained. The sequencing result showed two amino 
acid substitutions (K299I, S300R). The identified substitutions were independently 
introduced by site-directed mutagenesis (SDM) to the already known variants M1 
(H288R) and M2 (H288F). Screening results showed that variants which additionally 
contain the position K299I showed no significant increase in ratio activity. In contrast 
to those variants M4 and M5 including the substitution S300R displayed an increased 
activity in 7.5% (v/v) ChCl:Gly as well as in 7.5% (v/v) [BMIM]Cl compared to the 
activity in KPi-buffer (0.2 M, pH 7.2). Variant M4 (H288F, S300R) showed in 7.5% 
(v/v) ChCl:Gly and 7.5% (v/v) [BMIM]Cl a 5-fold and a 23-fold increase in residual 
activity respectively. The same trend was also observed for M5 (H288R, S300R) with 
11-fold increase activity in 7.5% (v/v) ChCl:Gly and 11-fold in 7.5% (v/v) [BMIM]Cl 
respectively compared to the measured activity in KPi-buffer (Table 29 and 
Table 30). 
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Table 29 Activity and residual activity of all generated variants in 7.5% (v/v) ChCl:Gly using the 
4-MUC detection system. Residual activity was defined as ratio of activity of the variant in 7.5% (v/v) 
ChCl:Gly and activity in potassium phosphate buffer (0.2 M, pH 7.2) in the absence of ChCl:Gly. The 
reported values are the average of three measurements and deviations are calculated from the 
corresponding mean values. 
Variant               Product release [µM 4-MU/h] Ratio activity  
[ChCl:Gly/Buffer] 
 
Buffer 7.5% (v/v) ChCl:Gly 
CelA2 2.07 ± 0.11 0.49 ± 0.13 0.23 
M1 (H288R) 1.19 ± 0.11 1.13 ± 0.30 0.95 
M2 (H288F) 12.98 ± 0.44 5.20 ± 0.56 0.40 
M3 (K299I, S300R) 0.05 ± 0.01 0.06 ± 0.02 1.03 
M4 (H288F, S300R) 0.64 ± 0.13 3.37 ± 0.34 5.23 
M5 (H288R, S300R) 0.07 ± 0.01 0.78 ± 0.06 10.90 
M7 (H288R, K299I) 1.37 ± 0.08 1.07 ± 0.01 0.78 
M8 (H288F, K299I) 12.28 ± 1.10 4.16± 0.29 0.33 
 
Table 30 Activity and residual activity of all generated variants in [BMIM]Cl using the 4-pNPC 
detection system. Residual activity was defined as ratio of activity of the variant in 7.5% (v/v) [BMIM]Cl 
and activity in potassium phosphate buffer (0.2 M, pH 7.2) in the absence of and [BMIM]Cl. The 
reported values are the average of three measurements and deviations are calculated from the 
corresponding mean values. 
Variant      Product release [µM 4-pNP/h] Ratio activity [IL/Buffer] 
 
Buffer 7.5% (v/v) [BMIM]Cl 
CelA2 45.99 ± 0.66 17.19 ± 0.54 0.37 
M1 (H288R) 17.27 ± 0.65 17.59 ± 0.21 1.02 
M2 (H288F) 168.94 ± 0.81 99.11 ± 1.96 0.59 
M3 (K299I, S300R) 4.20 ± 0.48 5.94 ± 0.21 1.42 
M4 (H288F, S300R) 3.84 ± 0.07 89.21 ± 0.07 23.22 
M5 (H288R, S300R) 0.99 ± 0.45 10.26 ± 0.42 10.36 
M7 (H288R, K299I) 16.84 ± 1.20 18.02 ± 1.25 1.07 
M8 (H288F, K299I) 165.02 ± 2.90 95.19 ± 3.11 0.57 
 
However, the absolute activity is higher for M4 (3.37 µM 4-MU/h and 89.21 µM 
4-pNP/h) compared to M5 (0.78 µM 4-MU/h and 10.26 µM 4-pNP/h), which shows an 
absolute cellulolytic activity level lower than CelA2 in KPi-buffer (Table 29 and 
Table 30). Since the attention was focused on higher activity in ionic effluents, the 
“salt-activated” variant M4 (H288F, S300R) was used for further investigations. The 
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performance of variant M4 in different concentration of NaCl was determined and the 
result can be seen in the following Fig. 29. 
 
 
Fig. 29 Activity of variant M4 in different concentrations of NaCl (0-2.5 M) using the 4-MUC detection 
system. The reported values are the average of three measurements and deviations are calculated 
from the corresponding mean values. 
 
Thereby a salt-activation is shown again by increasing the ionic strength in the 
reaction system. The highest activation rate was determined for 0.5 and 1 M NaCl 
(~18-fold). For the other two concentrations (2 and 2.5 M NaCl) activation was also 
measurable but compared to 1 M NaCl already decreased (~11-fold). Fig. 30 
summarizes the identified variants and their behavior in the different solvents. The 
variants can be divided into three different main performances: I) activity in KPi-buffer 
(M2), II) resistance in ionic strength (M1 and M3) and III) salt-activated (M4 and M5). 
 
Fig. 30 Overview about the identified variants and there classification in activity in KPi-buffer (0.2 M, 
pH 7.2), resistance and salt-activated in DES (ChCl:Gly), IL ([BMIM]Cl) and NaCl. 
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Based on the result, that position 300 is crucial for the increased activity in salty 
effluents, like DES and IL, a SSM library of only this position was generated and 
screened with 4-pNPC detection system in combination with 7.5% (v/v) [BMIM]Cl. No 
variants with improved performance were identified suggesting that only the 
combination of 288 with 300 is responsible for gaining an increase activity. 
Additionally, the three identified amino acid positions (288, 299, and 300) were 
further analyzed for possible cooperative effects. 
 
3.4. Generation of triple site-saturation mutagenesis library 
A triple site-saturation mutagenesis (3xSSM) library was generated with the 
previously identified important positions (288, 299, and 300). The goal was to identify 
new properties which can be classified in one of the non-filled overlap regions of the 
circles in Fig. 30. In total 3500 variants were screened with the 4-pNPC detection 
system and 7.5% (v/v) [BMIM]Cl. Thereby only variants which showed the same 
properties as before were identified. After analyzing the sequencing results of these 
variants it was observed that the same amino acid substitutions, which were already 
connected to the different properties (like activity, resistance, and salt-activation), 
were present again. The sequencing results are listed in the following Table 31. 
 
Table 31 Sequencing results of the identified variants in the triple SSM library. 
Variant Amino acid substitution 
Activity  
M2  
2_E9 
1_B7 
H288F 
H288F 
H288F 
Resistance  
M1 
20_C5 
22_C1 
H288R 
H288R 
H288R 
Salt-activation  
M4 
4_B8 
7_H9 
H288F, S300R 
H288F, K299I, S300R 
H288F, K299C, S300R 
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3.5. Analysis of the salt-activated variant  
Variant M4 shows very low activity compared to M2 or CelA2 in KPi-buffer, but 
activity dramatically increases in the presence of ChCl:Gly or [BMIM]Cl. This result 
suggests that the substitution Ser300Arg is responsible for the change in the activity 
profile. In order to propose a relationship between the activity and potential structural 
changes in the enzyme, the amino acid substitutions were introduced into the 
proposed homology model of CelA2, the resulting structures were energy minimized 
in the presence of water using YASARA (Krieger et al. 2002), and the predicted 
conformation of the amino acid residues in the vicinity of the introduced substitutions 
are shown in Fig. 31. 
In the model Arg300 is located on the same loop as Asp287, neighbor of position 
288, previously described to dramatically affect enzyme activity (Fig. 31A-B) 
(Lehmann et al. 2012). From the energy minimized structures, a direct interaction of 
Arg300 with Asp 287 can be inferred. The introduced salt bridge between Arg300 
and Asp287 (Fig. 31B) is the main structural difference between CelA2 and M4, 
which might be closely related to the observed loss of activity in KPi-buffer. In order 
to elucidate if the changes in activity upon introduction of Arg300 can be further 
modulated by other adjacent residues, three site-saturation mutagenesis libraries 
were constructed (Ala285, Asp287, and Asp298). These positions were selected 
based in their potential ability to disrupt the interaction between Arg300 and Asp287, 
and eventually recover the “normal” behavior of the enzyme variant M2 (His288Phe), 
despite the presence of Arg in position 300. Screening of the libraries (200 clones per 
position) yielded mostly inactive variants, however, one variant (Ala285Ser) showed 
an activity profile similar to CelA2. The substitution Ala285Ser was introduced in the 
model of CelA2 and energy minimized, revealing that in fact Ser285 could interfere 
with the Arg300-Asp287 salt bridge (Fig. 31C). 
 
Part III: Generation of a salt-activated cellulases CelA2  
61 
 
 
Fig. 31 Energy minimized structure of the CelA2 variants based on its proposed homology model 
(Lehmann et al. 2012). A) In CelA2 there is no direct interaction between the residue cluster (Asp287, 
His288) and the cluster (Ser300, Asp298). B) In variant M4 (His288Phe, Ser300Arg), an additional 
interaction is observed between the introduced Arg300 and Asp287. C) In variant M6 (His288Phe, 
Ser300Arg, Ala285Ser) which has recovered activity in KPi-buffer, the interaction between Arg300 and 
Asp287 is not present, instead Arg300 interacts with Asp298 and Asp287 with the introduced Ser285. 
The hydrogen bonds displayed in segmented lines are calculated according to YASARA software 
(Krieger et al. 2002). 
 
3.6. Purification and characterization of the generated variants in DES, IL 
and NaCl 
CelA2, M2 (H288F), M4 (H288F, S300R) and M6 (A285S, H288F, and S300R) were 
expressed in shaking flasks cultures and purified using Protino Ni-TED 2000 pre-
packed columns. A protein content >90% was achieved for all variants (Fig. 32). 
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Fig. 32 ExperionTM analysis of the purified CelA2 wild type, M2 M4, and M6 variant. The samples were 
produced as described in the manufacturer`s protocol and analyzed in duplicate. L) Ladder in kDa; 1) 
CelA2 wild type; 2) M2, (H288F); 3) M4 (H288F, S300R); 4) M6 (A285S, H288F, S300R). 
 
Subsequently a characterization of the performance in 7.5% (v/v) ChCl:Gly, 
7.5% (v/v) [BMIM]Cl and 1 M NaCl were investigated and the obtained kinetic 
parameters are summarized in Table 32 and Table 33 respectively. Substrate 
concentrations were 4-160 µM for 4-MUC and 0.05-6.5 mM for 4-pNPC.  
In KPi-buffer and presence of 7.5% (v/v) ChCl:Gly, the studied variants have lower 
KM values (~4-fold) compared to CelA2 (Table 32). The kcat values for M2 and M6 are 
~3-fold increased compared to the wild type. The variant M4, however, showed a 
very low kcat value (0.009 min
-1), explaining the very low activity in KPi-buffer. In 
presence of ChCl:Gly, the kcat values show the same trend for M2 and M6 as in 
buffer, whereas the calculated Kcat for variant M4 shows a ~12-fold increase 
compared to the behavior in KPi-buffer, evidencing it salt-activated nature. 
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Table 32 The kinetic parameters for cellulolytic activity of CelA2 and its variants with 7.5% (v/v) 
ChCl:Gly using the 4-MUC detection system. Comparison of kcat and kcat/KM values of the selected 
variants with CelA2 wild type. Substrate concentration between 4-160 µM was used for the 4-MUC 
detection system. The reported values are the average of three measurements and deviations are 
calculated from the corresponding mean values. 
 
  
KPi-Buffer 
 
 7.5% (v/v) ChCl:Gly 
 
KM kcat kcat/KM  KM kcat kcat/KM 
 [µM] [min
-1
] [min
-1
µM
-1
] (x10
-3
)  [µM] [min
-1
] [min
-1
µM
-1
] (x10
-3
) 
CelA2 60.0 ± 4.6 0.154 ± 0.005 2.6  85.9 ± 14.9 0.041 ± 0.004 0.5 
M2 13.5 ± 1.7 0.509 ± 0.015 37.7  39.8 ± 4.2 0.222 ± 0.008 5.6 
M4 10.8 ± 3.3 0.009 ± 0.001 0.8  33.4 ± 3.1 0.106 ± 0.003 3.2 
M6 14.9 ± 2.2 0.425 ± 0.015 28.4  37.0 ± 7.1 0.188 ± 0.012 5.1 
 
The kinetic parameters in [BMIM]Cl and NaCl were determined using 4-pNPC as a 
substrate (Table 33). The results follow the same trend as in ChCl:Gly. For all 
variants in all three conditions the KM values were decreased compared to CelA2, as 
observed when using 4-MUC as substrate. The measured kcat values are in all three 
conditions increased for M2 and M6 (2-fold in KPi-buffer, 4-fold in [BMIM]Cl and 
2-fold in NaCl). For the variant M4, an activation compared to the buffer system was 
detectable after the addition of [BMIM]Cl or NaCl (11-fold in [BMIM]Cl and 5-fold in 
NaCl). 
Part III: Generation of a salt-activated cellulases CelA2  
64 
 
Table 33 The kinetic parameters for cellulolytic activity of CelA2 and its variants with 7.5% (v/v) [BMIM]Cl and 1 M NaCl using the 4-pNPC detection system. 
Comparison of kcat and kcat/KM values of the selected variants with CelA2 wild type. Substrate concentration between 0.05-6.5 mM was used for the 4-pNPC 
detection system. The reported values are the average of three measurements and deviations are calculated from the corresponding mean values. 
 
  
KPi-Buffer 
 
7.5% (v/v) [BMIM]Cl 1 M NaCl 
 
KM kcat kcat/KM KM kcat kcat/KM KM kcat kcat/KM 
 [µM] [min
-1
] [min
-1
µM
-1
] [µM] [min
-1
] [min
-1
µM
-1
] [µM] [min
-1
] [min
-1
µM
-1
] 
CelA2 1237 ± 31 0.611 ± 0.005 4.94E-04 3500 ± 156 0.436 ± 0.009 1.25E-04 2170 ± 79 0.330 ± 0.005 1.52E-04 
M2 418 ± 8 1.312 ± 0.005 3.14E-03 2551 ± 134 1.728 ± 0.039 6.77E-04 902 ± 53 0.687 ± 0.011 7.62E-04 
M4 7571 ± 3512 0.123 ± 0.036 1.63E-05 2021 ± 116 1.375 ± 0.030 6.81E-04 695 ± 63 0.587 ± 0.013 8.44E-04 
M6 271 ± 18 1.171 ± 0.013 4.33E-03 2155 ± 136 1.751 ± 0.044 8.13E-04 677 ± 60 0.707 ± 0.015 1.04E-03 
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3.7. Computational analysis of possible structural changes of M4 and M6 
In order to generate hypotheses regarding the structural changes leading to the 
different activity profiles on variants M4 and M6, a molecular dynamics (MD) 
simulation study of CelA2 wild type, M4 (in 0.7% and 7.5% NaCl to simulate low and 
high salt concentration) and M6 was performed. The resulting trajectories were 
analyzed, focusing in the substituted amino acids (position 285, 287, and 300). 
Experimental results show that variant M4 has marginal activity at low salt 
concentrations, whereas it shows high activity at elevated salt concentrations. By the 
construction of variant M6, the amino acid substitution Arg300 potentially interacts 
with residue Asp287, which could be related to the loss of activity on variant M4. For 
analyzing the persistence of this interaction the distance between the different carbon 
atoms was measured. The carbon atom next to the carboxyl group is called 
α-carbon. In amino acids that have a carbon chain which is attached to the α-carbon, 
the carbons are labeled in order as ß, γ, δ and so on (Fig. 33). 
 
 
Fig. 33 Lysine with the labeled carbon atoms in the side chain. 
 
The distance between Cγ of Asp287 and the Cζ of Arg300 over the 50 ns simulation 
time was followed, in both low and high salt concentrations. Similar indicators to 
obtain information regarding potential interactions are the distances between the Cβ 
of Ala285 (Ser285 in M6) and the Cζ of Arg300, and the Cβ of Ala285 and the Cγ of 
Asp287. In Fig. 34 the distances for M4 in low salt (inactive), M4 in high salt (active) 
and M6 in low salt (active) are summarized. A clear difference can be observed in the 
average distances between Asp287 and Arg300 (Fig. 34A). The Cγ-Cζ distance 
fluctuates around 4Å in low salt concentration, whereas this distance is 7Å when the 
simulation is performed in high salinity, suggesting that the interaction is dramatically 
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weakened under high salt conditions. In variant M6 the distance between Asp287 
and Arg300 presents a mixed behavior and the introduced Ser285 is forming 
additional interactions towards Arg300. Therefore Arg300 is less fixed and this 
suggests that the salt bridge interaction is not as strong as in variant M4. 
The Cβ-Cζ distance between Ala285 (Ser285 in M6) and Arg300 evidences for M4 
an inverse behavior as for Asp287-Arg300, where in low salt conditions the distance 
is stable around 7Å, whereas in high salt conditions the distance is stable around 4Å 
(Fig. 34B). Interestingly, for variant M6 in low salt the distance between Ser285 and 
Arg300 shifted from fluctuating around 7Å in the first half of the simulation to around 
4Å in the second half. 
The Cβ-Cγ distance between Ala285 (Ser285 in M6) and Asp287 for M4 in both 
conditions is fluctuating around 7Å for all variants, whereas considerable shorter 
distances where observed in the last 10 ns of the simulation of M6 (Fig. 34C). 
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Fig. 34 Distances between Cγ of Asp287 and the Cζ of Arg300 (A), Cβ of Ala285 (Ser285 in M6) and 
the Cζ of Arg300 (B) and the Cβ of Ala285 and the Cγ of Asp287 (C). The distance between the 
selected atoms was followed along the simulation time to study the main differences between M4 in 
low salt (inactive, black) M4 in high salt (active, red) and M6 (active, green). A clear difference can be 
observed in the persistent distances between Asp287 and Arg300 and Ala285 and Arg300, when M4 
is simulated in low and high salt concentration, indicating a different interaction pattern between those 
residues. M6 shows unstable distances values. The persistent distances between Ala285 (Ser285 in 
M6) and Asp287 show no significant change between M4 low salt, M4 high salt and M6. 
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Another parameter that can indicate changes in the interactions among the studied 
amino acids is the root mean square fluctuation (RMSF) values across the simulation 
time which reflect the deviation over time of an atom, compared to the reference 
structure (the initial structure). The RMSF values present a measure of flexibility of 
the residues, and changes in flexibility could account for introduction or removal of 
interactions between amino acids (Table 34). 
 
Table 34 Average RMSF per residue calculated across the simulation time using YASARA (Krieger et 
al. 2002). The RMSF values were calculated for all residue atoms. The most prominent deviations 
from CelA2 wild type are highlighted in bold number. 
 RMSF (Å) 
Residue WT M4 M4 NaCl M6 
285 1.53 1.00 1.23 1.03 
287 2.68 1.33 2.15 1.53 
288 3.21 2.20 1.97 2.25 
300 1.82 1.17 1.28 2.67 
580 1.09 1.21 0.86 0.94 
 
The RMSF analysis shows a general decrease in fluctuation for variant M4 compared 
with wild type for the studied residues. Specifically, residues 287 and 300 evidence a 
significant decrease on the RMSF values, which increases again, when the 
simulation of M4 is performed in 7.5% NaCl, especially residue 287. Interestingly, for 
variant M6, the decreased RMSF values are maintained, except for residue 300 
which increases over wild type values in low salt conditions. Increases in flexibility 
either in residue 287 or 300 could be interpreted as weakening the salt bridge 
between those amino acids, supporting the results from the distance analysis. 
 
4.  Discussion 
Solvents having high salt concentrations (such as IL or DES) have been recently 
presented as the most viable for economic and environmentally friendly processes 
for the production of second generation biofuels, in particular the de-crystallization of 
cellulose (Swatloski et al. 2002; Heinze et al. 2005; Zhang et al. 2012b). The 
de-crystallization and subsequent separation/recycling are necessary steps for 
removing the used solvents. However, the treated cellulose will still contain a solvent 
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fraction and therefore negatively influence the following enzymatic hydrolysis 
processes (Zhang et al. 2012b). Due to this fact, it is of great interest to indentify 
cellulases which can operate under moderately high salt conditions. One classic 
approach is to isolate directly halophilic cellulases out of hypersaline habitats (Aygan, 
Arikan 2008; Wang et al. 2009). It has been shown that many organisms have 
adapted to hypersaline environments by reducing their intracellular salt levels, rather 
than employing salt-adapted enzymes (Oren 2002). The second approach consist in 
the adaptation of existing cellulases through a directed evolution campaign to these 
non-natural conditions (Lehmann et al. 2012). 
In this work, recently identified CelA2 cellulase variants (Lehmann et al. 2012) were 
used for improving their performance in the presence of 7.5% (v/v) ChCl:Gly and 
7.5% (v/v) [BMIM]Cl as model solvents for enzymatic cellulose de-crystallization. 
During the screening procedure, a novel salt-activated cellulase was identified, which 
showed marginal activity in KPi-buffer but an increased activity when the ionic 
strength in the reaction medium was increased. Enzymes having this salt-activated 
property open the possibility to proceed directly with the hydrolysis process without 
the need of an additionally purification steps of the treated cellulose, potentially 
leading to an innovative and cost-effective biofuel production process. The most 
active identified salt-activated was variant M4 (H288F, S300R). The single effect of 
S300R in CelA2 wild type (variant M9) was also analyzed and showed in KPi-buffer a 
~18-fold decrease in activity and furthermore no salt-activation profile (Table 35). 
 
Table 35 Activity and residual activity of all generated variants in 7.5% (v/v) ChCl:Gly/ 7.5% (v/v) 
[BMIM]Cl using the 4-MUC/ 4-pNPC detection system. Residual activity was defined as ratio of activity 
of the variant in 7.5% (v/v) ChCl:Gly and activity in potassium phosphate buffer (0.2 M, pH 7.2) in the 
absence of ChCl:Gly. The reported values are the average of three measurements and deviations are 
calculated from the corresponding mean values. 
Variant          Product release [µM 4-MU/h] Ratio activity [DES/Buffer] 
 
Buffer 7.5% (v/v) ChCl:Gly   
CelA2 2.07 ± 0.11 0.49 ± 0.13 0.28 
M9 (S300R) 0.11 ± 0.01 0.10 ± 0.01 0.93 
 
Variant          Product release [µM 4-pNP/h] Ratio activity [IL/Buffer] 
 
Buffer 7.5% (v/v) [BMIM]Cl   
CelA2 45.99 ± 0.66 17.19 ± 0.54 0.37 
M9 (S300R) 4.40 ± 0.90 3.92 ± 0.21 0.89 
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In conclusion, only S300R in combination with H288F is responsible for the observed 
salt-activation, which was further supported by the analysis of the homology model of 
CelA2, and the energy minimized models of the variants. Based on this analysis, 
three amino acid positions (Ala285, Asp287, and Asp298) which are close neighbors 
of positions 288 and 300 were chosen for analyzing the contribution of their 
interaction to the activity profile. From this experiment, the substitution A285S 
resulted in the recovery of the enzymatic activity, suggesting that the salt-activation 
of the M4 variant relies in the direct interaction between Arg300 and Asp287, which 
produces a direct connection between loop residues 284-289 and 298-302, which is 
not observed in variant M6 (Fig. 35). This interaction would become disrupted when 
the ionic strength in the solvent increases, allowing the enzyme to adopt a 
conformation close to that of M6, therefore recovering enzymatic activity. It is not 
clear, however, from analyzing the data from this work, how exactly the interactions 
resulting from the introduction of Arg in position 300 result in loss of activity in 
KPi-buffer. It is possible that the interaction of Arg300 with Asp287 can directly affect 
position Phe288, which has been shown to have a great impact in the activity of 
CelA2 (Lehmann et al. 2012). It can be proposed, from the experimental, structural 
and molecular dynamic simulation data that the interaction between Asp287 and 
Arg300 is the key for changes in the activity profiles. This strongly suggests that ionic 
interactions in activity-sensitive enzyme regions could be the base for incorporating 
salt-activated triggers in enzymes, which should be further assessed when crystal 
structures from these variants are available. 
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Fig. 35 Representative structural conformations of loop 285-288 and 298-301 for CelA2 wild type (A), 
M4 (B) and M6 (C). The differences in the activity profile between CelA2 wild type, M4 and M6 can be 
attributed to the introduced Arg300 and its interaction with Asp287, resulting in a connection between 
loop 285-288 and 298-301. In the inactive conformation of M4 (B), Asp287-Arg300 interacts across 
most of the simulation, breaking only transitory when a Cl
-
 or Na
+
 interferes with the interaction (D). In 
high salt concentrations, variant M4 recovers the activity, and the interaction between Asp287-Arg300 
is not observable (E). Active variants such as CelA2 wild type (A) and M6 (C) do not show an evident 
formation of an interaction between Asp287 and Arg300. 
 
The kinetic parameters of the improved variants (M2, M4, and M6) showed in all 
different reaction conditions (KPi-buffer, ChCl:Gly, [BMIM]Cl, and NaCl) a decreased 
KM value compared to the CelA2 wild type. The determined kcat values for the salt-
activated variant M4 are very low in KPi-buffer; on the contrary, by adding 7.5% (v/v) 
ChCl:Gly, 7.5% (v/v) [BMIM]Cl or 1 M NaCl to the buffer system an increased kcat 
value (from 5- to 12-fold respectively) was observed. In order to elucidate if negative 
charged ions are generally responsible for activity initiation of the variant M4 the 
performance was also analyzed in KPi-buffer, where different concentrations of 
Na2HPO4 (0.5-2 M) were added. Under the different conditions no change in activity 
was detectable, leading to the conclusion that the chloride-ions in all used reaction 
conditions (ChCl:Gly, [BMIM]Cl, and NaCl) play an active role in the observed 
activation mechanism (Fig. 36). 
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Fig. 36 Activity of variants in KPi-buffer with addition of Na2HPO4. 
The 4-pNPC detection system was used and the pH was adjusted back to 7.2 after adding the 
Na2HPO4 to the solution. The reported values are the average of three measurements and deviations 
are calculated from the corresponding mean values. 
 
The identified salt-activated variant can play an important role not only in the field of 
biorefinery but also in the drug release technologies. Biopolymers for carrier system 
which are based on cellulose derivates are already known (e.g. sodium 
carboxymethyl-cellulose and cellulosesulfate) and combine the advantages to be 
biocompatible, recyclable and can be coupled with a cellulolytic reaction (Darvari, 
Hasirci 1996; Kamel et al. 2008). Recently a cellulose based implant combined with 
such an external activation of cellulolytic reaction at a specific time point and 
subsequent release of “substance of interest” was published (Kemmer et al. 2011). 
This novel external activation based drug release system allows in the future using 
less bioactive substances more effective. 
From the application point of view, a deeper understanding of salt-activation 
mechanisms can play a pivotal role for new innovative concepts in the biorefinery 
and drug release technology. 
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Part IV: Increasing protein production of CelA2 by directed vector 
backbone evolution of the expression vector pET28a(+) 
1. Introduction 
1.1. Aim of the part 
This last project was initiated during the work for the salt-activated CelA2 (Part III) by 
the fact that the expression level of CelA2 for screening in ionic liquid [BMIM]Cl was 
low, leading to time-consuming expression optimization steps. Therefore the 
expression vector system pET28a(+) in combination with the host E. coli BL21-Gold 
(DE3) was used for increasing the CelA2 production by a directed evolution 
campaign of the backbone excluding the gene celA2 region. This work was equally 
distributed and accomplished in cooperation with Felix Jakob (PhD candidate, RWTH 
Aachen, Institute of Biotechnology). 
 
1.2. Heterologous expression technologies 
Development of cloning and expression technologies to produce heterologous 
proteins in prokaryotic and eukaryotic organisms enabled the production of numerous 
enzymes for diagnostic and industrial applications such as food, leather, textile or 
detergent industry (Rai, Padh 2001; Kirk et al. 2002). Recombinant production of 
proteins in prokaryotic host is commonly increased by optimization of cultivation or 
fermentation conditions (temperature, aeration, media composition and/or 
fermentation type such as batch, fed-batch or continuous). Additionally, there are 
several strategies to increase recombinant protein expression. Protein fusion 
technology, which has a long tradition in protein purification, has been observed to 
have a positive effect on protein yield and solubility. The success of these technology 
depends highly on the correct selection of the fusion partner, expression system and 
the developed selection approaches for each target enzyme (Shih et al. 2002; 
Sorensen, Mortensen 2005). The most common used fusion partners are the 
N-utilization substance A (NusA), the maltose-binding protein (MBP) and the 
glutathione S-transferase (GST) (Cabrita et al. 2006). Protein production levels can 
also be increased by codon optimization of the target gene sequence (Gustafsson et 
al. 2004). Methods for codon optimization generally consist in the replacement of one 
or more codons which are rarely used in the host to a more preferred one (Li et al. 
2003). Protein production can be increased by modifying the corresponding 
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promoter, signal and/or secretion sequence (Xue et al. 1997) or by metabolic 
engineering (Heyland et al. 2011). Directed evolution has become a standard 
approach to tailor enzyme properties such as activity, solubility, temperature or 
organic solvent resistance to often non-natural requirements for industrial 
applications. Moreover, in directed enzyme evolution campaigns increased enzyme 
production has been reported in initial rounds of directed evolution (Tee, 
Schwaneberg 2007). A typical directed evolution experiment comprises three 
iterative steps of (1) diversity generation, (2) screening to identify improved mutants 
out of a large pool of variants, and (3) isolating the genes encoding for improved 
variants (Shivange et al. 2009). Thereby the screening system plays a pivotal role for 
reliable identification of improved enzyme variants. A powerful screening system 
depends primarily on the precision, sensitivity and dynamic range. Therefore, a 
homogeneous and sufficient expression level of the target enzyme is essential, 
especially when the screening is performed in inactivating conditions (such as 
organic solvents, ionic liquids, inhibitors, oxidative/reducing environments). Among 
the screening formats, 96-well microtiter plates are commonly used in directed 
evolution experiments with throughputs of a few thousand variants per round (Tee, 
Schwaneberg 2007). Recent developments in high throughput screening 
technologies comprise throughputs of 106-108 based on flow cytometry (Tu et al. 
2011; Ruff et al. 2012) and microfluidics (Fallah-Araghi et al. 2012; Kintses et al. 
2012). 
In this work a novel strategy to improve enzyme production in E. coli host, which is 
based on the megaprimer PCR of whole plasmid (MEGAWHOP) method, generally 
used for cloning random gene libraries into a desired expression vector (Miyazaki 
2003; Miyazaki 2011). In our modified error-prone MEGAWHOP method 
(epMEGAWHOP) mutated vector backbone libraries were generated by amplification 
under error-prone PCR conditions using the non-mutated gene as megaprimer, and 
subsequently screening for increased activity (Lehmann et al. 2012). As a proof of 
concept the approach was analyzed with the E. coli BL21-Gold 
(DE3)/pET28a(+)CelA2 construct for cytosolic expression of CelA2. 
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2. Materials and Methods 
2.1. Materials 
All chemicals were of analytical-reagent grade or higher quality and were purchased 
from Carl Roth GmbH (Karlsruhe, Germany), Sigma-Aldrich (Hamburg, Germany) 
and AppliChem (Darmstadt, Germany). Enzymes were purchased from New England 
Biolabs (Beverly, USA) and Fermentas (St. Leon-Rot, Germany). Oligonucleotides 
were purchased from Eurofins MWG Operon (Ebersberg, Germany) in salt-free form. 
Plasmid extraction and PCR purification kits were purchased from Macherey-Nagel 
(Düren, Germany). Microtiter plates (Greiner Bio-One GmbH, Frickenhausen, 
Germany) were incubated in a Multitron II Infors shaker (Infors AG, Bottmingen, 
Switzerland). DNA concentrations were quantified using a NanoDrop photometer 
(ND-1000, NanoDrop Technologies, Wilmington, USA). A Mastercycler gradient 
(Eppendorf, Hamburg, Germany) and thin-wall PCR tubes (Multi ultra-tubes; 0.2 mL; 
Carl Roth, Germany) were used in all PCRs. 
 
2.2. Strains and plasmids 
E. coli DH5α and E. coli BL21-Gold (DE3) (purchased from Agilent Technologies; 
Santa Clara, USA) was used in this study as hosts for DNA manipulation and 
recombinant protein expression. For construction of the expression vectors for E. coli 
strain, the plasmid pET28a(+) was used. Chemically competent E. coli BL21-Gold 
(DE3) cells with determined transformation efficiencies of 3x107 and 3x106 cfu/µg 
pUC19, respectively, were prepared in-house using the rubidium chloride technique 
(Hanahan 1983).  
 
2.3. Gene cloning, construction of expression vectors, and sequencing  
The parent celA2 (Lehmann et al. 2012) was ordered as a synthetic gene from 
GeneArt (Regensburg, Germany) with an optimized codon usage for E. coli harboring 
a NcoI and an EcoRI restriction site. After double digestion with EcoRI and NcoI, the 
fragment was subcloned using T4 DNA ligase into pET28a(+). The resultant 
recombinant plasmid, named pET28a(+)-CelA2, was transformed into E. coli BL21-
Gold (DE3). For the identified improved variants in this directed evolution campaign 
the whole vector backbone was sequenced with the following listed primers 
(Table 36). 
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Table 36 Primers used for sequencing of the whole vector backbone of pET28a(+). 
Primer name Sequence 5‘-3‘ 
T7_Fw TAATACGACTCACTATAGGGGAATTGTGAGCGG 
CelA2_P2 GTTGGTGAACTGTTTGCACG 
CelA2_P3 GTTGGGTTGAAATGGGTAGC 
pET28_1 GCTGCTGCCACCGCTGAGCAATAAC 
pET28_2 CACTTTTCGGGGAAATGTGCG 
pET28_3 CTCATCTGTAACATCATTGGC 
pET28_4 CTTGGAGCGAACGACCTAC 
pET28_5 GCATGTGTCAGAGGTTTTC 
pET28_6 CTGCTTCTCGCCGAAAC 
pET28_7 CAACCAGCATCGCAGTGGGAAC 
pET28_8 GACTGTTTGCCCGCCAGTTG 
 
2.4. Generation of error-prone MEGAWHOP libraries 
Megaprimers for the celA2 gene were generated by PCR under standard conditions. 
The amplification was performed using unmodified DNA primers 
5’-GTTATTGCTCAGCGGTGGCAGCAGC-3’ and 5’-TAATACGACTCACTATA 
GGGGAATTGTGAGCGG-3’ (5 µM each) binding in the T7 promoter and terminator 
region. For the PCR (98 °C for 30 sec, one cycle; 98 °C, 15 sec/63 °C, 15 sec/68 °C, 
2 min, 25 cycles; 68 °C for 10 min, one cycle), PfuS DNA polymerase (2.5 U), dNTP 
mix (10 mM), template (pET28a(+)-CelA2: 30 ng/µL) were used. The PCR product 
(megaprimer) was purified by using a PCR purification kit. 
For the epMEGAWHOP PCR (72 °C for 5 min, one cycle; 94 °C for 1:30 min, one 
cycle; 94 °C, 45 sec/60 °C, 45 sec/72 °C, 5 min, 25 cycles; 72 °C for 10 min, one 
cycle), Taq DNA polymerase (2.5 U), dNTP mix (10 mM) together with plasmid 
template (pET28a(+)-CelA2: 120 ng), megaprimer (pET28a(+)-CelA2: 550 ng) and 
0.05 mM Mn2+ were used. Following the epMEGAWHOP PCR, DpnI digestion (20 U) 
of the template was performed overnight at 37 °C. The epMEGAWHOP PCR product 
was transformed into E. coli DH5α and all colonies from the agar plates were used 
for plasmid isolation and subsequently transformed into the expression host E. coli 
BL21-Gold (DE3). 
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2.5. Indicator plates for cellulolytic activity  
The formation of halos on the indicator plates can be used as pre-screening as well 
as for semi-quantification of enzymatic activity. Azo-CMC (Megazyme, Bray, Ireland) 
was used as substrate for cellulolytic activity detection (Hughes et al. 2006). LB agar 
plates were supplemented with Azo-CMC, kanamycin and isopropyl thio-β-D-
galactoside (IPTG) (part II section 2.2.2.) 
 
2.6. Growth conditions and expression of CelA2 in 96-well microtiter plates 
Colonies displaying cellulolytic activity were transferred into 96-well microtiter plates 
(flat-bottomed, polystyrene plates). Cultivation and enzyme expression in microtiter 
plates was performed as previously described in part II section 2.2.4 and the 
supernatants were afterwards used for detailed analysis. 
 
2.7. Analysis of the lacI repressor system 
Performance of the lacI repressor system used in the above described growth and 
assay condition was analyzed for the pET28a(+) expression system. Therefore the 
CelA2 expression was performed in TBK-medium without the supplementation of 
IPTG.  
 
2.8. Fluorometric assay for cellulolytic activity of CelA2 
Cellulolytic activity was measured using 4-Methylumbelliferyl-ß-D-cellobioside 
(4-MUC) as a fluorogenic substrate (Chernoglazov et al. 1989; Boschker, 
Cappenberg 1994). The cultivation and enzyme reaction was performed as described 
in part II section 2.2.9. 
 
2.9. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) 
The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for 
CelA2 was performed as described in part II section 2.2.12.  
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3. Results 
In the first sections the development of the epMEGAWHOP protocol is described and 
the screening for increased activity of the selected cellulase. Subsequently, the 
obtained expression improvements were analyzed in detail to validate the 
epMEGAWHOP method.  
 
3.1. epMEGAWHOP library generation and screening  
Fig. 37 shows the five key steps of the developed epMEGAWHOP protocol: Starting 
with the megaprimer generation by PCR (Step I) and subsequently the amplification 
of the vector backbone under error-prone conditions (addition of 0.05 Mn2+) in 
combination with the generated megaprimer (Step II) (epMEGAWHOP). The used 
programs for both PCR reactions are described in section 2.4. The epMEGAWHOP 
product was treated with DpnI for digestion of the methylated wild type template. 
Afterwards the product was transformed into E. coli DH5α. The plasmid was 
subsequently isolated from E. coli DH5α and transformed into the expression host 
E. coli BL21-Gold (DE3) (Step III) and grown on Azo-CMC indicator agar plates 
(Step IV). In the last step the colonies which showed halo formation were transferred 
to a microtiter plate for the quantification of the cellulolytic activity with the 4-MUC 
screening system compared to the wild type backbone of pET28a(+) (Step V). In a 
final step the improved variant was isolated and the CelA2 wild type was subcloned 
in the mutated vector backbone variant for eliminate that the increased cellulolytic 
activity is generated by a modification of the celA2 gene sequence. 
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Fig. 37 The five epMEGAWHOP steps for increasing protein production by directed vector backbone 
evolution. Step I: Megaprimer generation. Step II: Amplification of the vector backbone under error-
prone conditions (epMEGAWHOP). Step III: Transformation into E. coli DH5α and isolation of plasmid. 
The expression host was subsequently transformed with the isolated plasmid of the expression host. 
Step IV: Indicator agar plate-based pre-screening (Azo-CMC). Step V: Screening in microtiter plate 
format with 4-MUC detection system for the quantification of enzyme production and subsequently 
subcloning of CelA2 wild type into the identified backbone variant.  
 
3.2. Activity and analysis of expression and lacI repressor system 
The activity of the identified mutated vector backbone variant pET28a(+)M1-CelA2 
compared to the CelA2 wild type is shown in Fig. 38. The variant M1 possess a 
2-fold increase in relative cellulolytic activity compared to the respective wild type. 
The determined activity increase can be correlated to the amount of expressed 
enzyme which is visualized within a SDS-PAGE in Fig. 38B. 
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Fig. 38 A) Detection of the relative cellulolytic activity of CelA2 wild type and mutated vector backbone 
variant M1 determined with the 4-MUC assay in potassium phosphate buffer (0.2 M, pH 7.2). Relative 
activity is calculated as the ratio between product formation rate (µM/sec) of variant M1 and product 
formation rate (µM/sec) of CelA2 wild type. The reported values are the average of three 
measurements and deviations are calculated from the corresponding mean values. B) SDS-PAGE of 
the following constructs: EV (pET28a(+)),CelA2 wild type (pET28a(+)WT-CelA2) and variant M1 
(pET28a(+)M1-CelA2); red box frame the corresponding band of CelA2 (~70 kDa); C) Corresponding 
protein band of CelA2 in the supernatant visualized by SDS-PAGE. 
 
The pET28a(+)-vector system has an inducible promoter and an increased 
expression level could be a result of mutations in the lacI repressor. For analyzing 
the functionality of the lacI repressor after epMEGAWHOP the expression level of 
CelA2 for wild type and variant M1 was compared to each other. Therefore 
expression experiments were accomplished by adding once IPTG to the vector 
system (induced) and another one without IPTG (not induced). In Fig. 39 the 
volumetric activities for the IPTG induced system are compared to the not induced 
one. For wild type and variant M1 equally low volumetric activities (0.01 U/mL) were 
determined after a not induced expression. Therefore it indicates that a functional lacI 
repressor is still remaining. 
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Fig. 39 Determination of the lacI repressor performance of CelA2 wild type and variant M1 in 
combination with the 4-MUC screening system. The activities with adding IPTG (open bars) and 
without (filled bars) were calculated as volumetric activity in [U/mL]. One Unit was defined as the 
amount of cellulase that catalyzes the conversion of 1 µmol of 4-MUC per minute. The reported values 
are the average of three measurements and deviations are calculated from the corresponding mean 
values. 
 
3.3. Sequencing analysis 
The generated mutated vector backbone variant M1 showed no mutation in the 
coding celA2 gene sequence. The vector backbone had around one mutation per kb 
plasmid DNA and the identified mutations in the vector backbone are listed in 
Table 37 and assigns to functional regions.  
 
Table 37 Location of the identified mutations in variant M1. The position of the mutations in the 
corresponding vector backbone is based on the sequenced vector backbone prior error-prone 
amplification. The alignments are included in the supplementary material file. Nucleotide 1 is regarded 
as the base after the second stop codon (TAA) of the celA2 gene.  
      bp Substitution Region 
 
WT 
 
M1 
 488 A - T f1 origin 
850 G - C Kan
R
 
2233 T - C pBR322 ori 
2396 T - C na 
3170 T - C na 
5193 A - T T7 promoter 
na:  no corresponding function of the gene sequence could be assigned  
Kan
R
:  Kanamycin resistance gene 
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The mutations T2396C and T3170C in the mutated vector backbone variant M1 are 
located in non-coding regions of the respective plasmids. All other four mutations 
could be assigned to functional regions (e.g. f1 origin, KanR, pBR322 ori and T7 
promotor) (Fig. 40). Furthermore no mutations in the lacI gene were identified and 
support the outcome that the lacI repressor system is still tight in not induced 
environment (Fig. 39). 
 
 
Fig. 40 Vector map of pET28a(+)M1-CelA2. The identified mutations are numbered and marked in 
green. Nucleotide 1 is regarded as the base after the second stop codon (TAA) of the celA2 gene. 
 
4. Discussion 
The MEGAWHOP method is commonly used for cloning random mutagenesis 
libraries via PCR of whole plasmid into a desired expression vector containing the 
parent gene (Miyazaki 2011). In general enzyme properties such as activity, 
specificity or stability are improved in directed evolution experiments employing 
MEGAWHOP (Agudo et al. 2012; Sass et al. 2012; Martinez et al. 2013). The 
developed epMEGAWHOP inverts the classic MEGAWHOP strategy by introducing 
random mutations in the desired expression vector instead of introducing mutations 
in the target gene. Based on this new strategy, epMEGAWHOP allows a rapid and 
straightforward strategy for increasing protein expression when reliable indicators 
such as agar plate or microtiter plate based screening systems are available. 
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Other random mutagenesis methods based on the QuikChange approach have been 
reported to introduce, as a side-effect, mutations in the vector backbone of the target 
construct (Matsumura, Rowe 2005; Koyanagi et al. 2008). The effect of randomly 
introduced mutations in the vector backbone was however not investigated, focusing 
in the mutations introduced in the target gene. Similar effects in the level of protein 
expression could be also observed in mutant libraries generated using these 
approaches; however it would be difficult to assess, before sequencing the plasmids, 
if the observed effect is the result of mutations in the gene insert or the vector 
backbone. So far random mutagenesis methods like epPCR or SeSaM are 
commonly used to mutate the targeting gene in directed evolution experiments 
(Shivange et al. 2009; McCullum et al. 2010; Shivange et al. 2012; Martinez et al. 
2013). 
Validating the proposed epMEGAWHOP strategy, CelA2 wild type was cloned in 
pET28a(+) and was subjected to one round of epMEGAWHOP. Thereby the 
selection of the used expression plasmid was chosen to cover the most common 
district of expression (cytosolic) in combination with the most frequently used 
prokaryotic host (E. coli BL21-Gold (DE3)). As a result, the expression level of CelA2 
was significantly increased by ~2-fold (Fig. 38). The increased enzyme expression 
after subcloning the corresponding parent gene into the identified plasmid showed 
that the observed increase in enzyme expression was a result of modifications in the 
vector backbone and not due to mutations on the enzyme. This was confirmed by the 
DNA sequence analysis which revealed an average of ~1.25 mutations per kb in the 
vector backbone. Out of the six mutations two positions (T2396C and T3170C) could 
not be allocate to a specific function of the gene sequence in the expression vector. 
The rest of the identified mutations in the expression constructs can be classified into 
three groups according to the region in the expression vector: 1) in the kanamycin 
resistance cassette; 2) in the promoter region and 3) in the origin of replication. It is 
known that through the introduction of an expression vector into E. coli or other hosts 
for recombinant protein production, the native cell functions at many levels can be 
perturbed (e.g. ribosome functions, RNA turnover as well as energy and intermediary 
metabolism of the cell) (Bailey 1993; Hoffmann et al. 2002; Lin-Chao et al. 2006). 
This effect is very difficult, however, to predict or attribute to a specific change in the 
host metabolism, due to the complexity of the system. For example, a reduced but 
sufficient expression of the resistant marker could allow spending more metabolic 
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resources into expressing the recombinant enzyme. On the other hand, a higher 
resistance marker expression could allow a higher specific growth rate of the cells 
which directly correlates with the rate of recombinant protein synthesis (Hoffmann, 
Rinas 2004). 
Elucidating the influence of each mutation and each region the individual mutations 
has to be introduced separately into the wild type expression vector to gain a deeper 
understanding on the complex machinery from expression system to produced 
enzyme. Moreover, by the use of reporter genes, epMEGAWHOP can be used for 
the systematic identification and study of functional region in the vector backbone. 
The epMEGAWHOP strategy was also used in a joint project in combination with two 
other constructs. One includes the periplasmatic Bacillus subtilis lipase A (BSLA) 
production in E. coli BL21-Gold (DE3) and the other one the extracellular expression 
from subtilisin Carlsberg in B. subtilis DB104. In both expression constructs variants 
with increased expression level were identified. Thereby the enzyme production for 
BSLA increase by ~2-fold and for subtilisin Carlsberg by ~4-fold, respectively. 
The enzyme production can be further increased through iterative rounds of 
epMEGAWHOP and even by combining it with the existing strategies (e.g. signal 
peptide optimization, fusion protein or codon optimization of the target enzyme). 
Especially, the addition of the signal- and promoter-sequence for random 
mutagenesis seems to be a promising and straight forward approach. The main 
advantage of epMEGAWHOP is that it doesn’t require a rational understanding of the 
expression machinery and can generally be applied to enzymes, expression vectors 
and related hosts. Changing expression vector or promoter systems to achieve 
higher enzyme yields often requires re-optimization of media composition, induction 
times and cell densities, together with expression and harvest time, in contrast to 
epMEGAWHOP. Overall, epMEGAWHOP is a robust, rapid and straight forward 
alternative and can be used for increasing recombinant protein production. 
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Summary and Conclusion 
The aim of this work was i) to improve the resistance and activity in salty effluents 
such as deep eutectic solvent (DES), ionic liquids (IL) and concentrated seawater of 
the cellulase CelA2, which was isolated out of a metagenome library, by a directed 
evolution campaign, and ii) by doing so, generate knowledge, regarding protein 
adaptation and structure-function relationships in relevant enzymes, advancing in the 
field of protein engineering. Both solvents (DES and IL) play an essential role for the 
de-crystallization process of cellulose and furthermore can lead to an innovative and 
cost-effective biofuel process. 
The aim of the first section was to identify by screening of random mutagenesis 
libraries (epPCR) variants with improved performance, which can further be used for 
studying the amino acid substitutions in order to investigate structure-function 
relationships. A novel fluorescence based microtiter plate screening system based on 
4-Methylumbelliferyl-ß-D-cellobioside (4-MUC) was established. The developed 
screening system was successfully employed to identify CelA2 variants with 
enhanced resistance and activity in DES and concentrated seawater. The variant 
4D1 (L21P, L184Q, H288R, K299I, D330G, and N442D) showed compared to wild 
type an increase in specific activity in ChCl:Gly (30% (v/v)) and concentrated 
seawater (3x). Through single SSM analysis position H288 was identified, which is in 
the neighborhood of the active site, to be a key residue for the resistance in ChCl:Gly 
and seawater and furthermore for increased specific activity in KPi-buffer. 
During the screening procedure of CelA2 a novel variant was identified, which 
showed compared to CelA2 wild type marginal activity in the buffer system, which 
dramatically increased by adding [BMIM]Cl, DES (ChCl:Gly) or NaCl. Two amino acid 
substitutions were identified in this variant at position 288 and 300 (H288F and 
S300R). Through SDM and SSM analysis it was shown that the single mutation 
S300R is not responsible by itself for the observed salt-activated mechanism. It was 
shown that only in combination with position H288 the salt-activated profile is 
present. During the analysis of this variant with the existing homology model of CelA2 
three positions (285, 287, and 298) were identified and further characterizes. 
Thereby a variant was generated which showed a recovered activity in the buffer 
system and included an amino acid substitution at position 285 (A285S). By 
Molecular Dynamics (MD) simulation it was possible to propose a mechanism for the 
salt-activated mechanism. Under low salt concentration the salt-activated variant M4 
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(H288F, S300R) showed a direct interaction between Arg300 and Asp287, which 
results in reduced flexibility within the loop 285-301. This connection is not present 
when compared to the variant M6 with recovered activity (A285S, H288F, and 
S300R). Under high salt concentration this direct interaction between Arg300 and 
Asp287 as well as the loop connection is disrupted and leads to a similar 
conformation as the variant M6 allowing enzymatic activity.  
In the last chapter, a novel method for directed evolution was established, which 
inverts the classic MEGAWHOP strategy by introducing random mutations in the 
desired expression vector (epMEGAWHOP). Thereby the expression level of CelA2 
in combination with the pET28a(+) expression system was increased by 2-fold. 
Furthermore the epMEGAWHOP was also validated with periplasmatic and 
extracellular expression vector system and in all cases variants with an increased 
enzyme expression level were obtained. Therefore this strategy is not limited by the 
enzyme or expression vector and can be seen as a rapid and straight forward 
alternative for increasing the protein expression in iterative rounds of 
epMEGAWHOP. 
The obtained results in this work have a great impact on the generation of greener 
biofuels in combination with the use of salty effluents (such as IL and DES) for the 
de-crystallization process of cellulose. Based on the established screening system an 
improved cellulase variant was identified after one round of directed evolution. This 
variant showed already an increase in catalytic and stability performance and can 
therefore leads to an overall improved catalytic efficiency in salty effluents. Further 
improvement in terms of conversion efficiency can be also accomplished by iterative 
rounds of directed evolution from the identified variant or to extend the directed 
cellulase evolution protocol to other cellulolytic enzymes for the generation of 
specialized enzyme cocktails. 
Additionally the identified salt-activated variant opens the possibility to proceed 
directly with the hydrolysis step without the need of purification of the pretreated 
cellulose and based on this an innovative and cost-effective biofuel processes can be 
developed. Moreover, by further analysis (MD simulation) of the salt-activated variant 
a possible mechanism was proposed suggesting that ionic interaction can be a useful 
tool for understanding and applying the triggering principle in order to adapt other 
enzymes for reactions in which an on/off mechanism is needed. 
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Future prospects 
Cellulases are the key enzymes used in the process of biofuels from biomass. For 
the identification of cellulases with an increased activity on cellulose and resistance a 
number of approaches exist, such as metagenome screening and protein 
engineering. In this work a cellulase, which was isolated out of a metagenome was 
further optimized in performance by a directed evolution campaign. Thereby it was 
shown that during the study the same amino acid position was not only responsible 
for increasing the specific activity but also for the resistance against salty effluents 
such as ionic liquids and deep eutectic solvents. The identified mutation was located 
close to the catalytic residue. Therefore the amino acids close to the substrate 
binding pocket seem to be important for the evolution in resistance/activity and can 
be classified as “hot-spots”. This knowledge opens an excellent starting point for fast 
improvement of a whole set of cellulases during protein engineering and therefore 
supports the achievement of a cost-effective biofuel production process. Finally the 
improved cellulase variants have also to be tested in the appropriate synergistic 
mixture with the actual biomass substrate for the final biofuel process in order to 
tackle the inhibition effects of the produced intermediates during the hydrolysis and 
the overall catalytic performance. An alternative interesting process strategy after 
evolving the whole set of cellulases would be to express them extracellular in a single 
microorganism, reducing costs of individual enzyme production.  
 
References  
88 
 
References 
Abbott, AP, TJ Bell, S Handa, B Stoddart. 2005. O-acetylation of cellulose and 
monosaccharides using a zinc based ionic liquid. Green Chem 7:705-707. 
Abbott, AP, D Boothby, G Capper, DL Davies, RK Rasheed. 2004. Deep Eutectic 
Solvents Formed between Choline Chloride and Carboxylic Acids: Versatile 
Alternatives to Ionic Liquids. J Am Chem Soc 126:9142-9147. 
Abbott, AP, G Capper, DL Davies, RK Rasheed, V Tambyrajah. 2003. Novel solvent 
properties of choline chloride/urea mixtures. Chem Commun:70-71. 
Agudo, R, GD Roiban, MT Reetz. 2012. Achieving Regio- and Enantioselectivity of 
P450-Catalyzed Oxidative CH Activation of Small Functionalized Molecules by 
Structure-Guided Directed Evolution. Chembiochem 13:1465-1473. 
Aharoni, A, G Amitai, K Bernath, S Magdassi, DS Tawfik. 2005. High-Throughput 
Screening of Enzyme Libraries: Thiolactonases Evolved by Fluorescence-
Activated Sorting of Single Cells in Emulsion Compartments. Chem Biol 
12:1281-1289. 
Arnold, FH, G Georgiou. 2003. Directed evolution library creation: methods and 
protocols: Humana Press. 
Aygan, A, B Arikan. 2008. A new halo-alkaliphilic thermostable endoglucanase from 
moderately halophilic Bacillus sp. C14 isolated from Van soda lake. Int J Agric 
Biol 10:369-374. 
Bailey, JE. 1993. Host-vector interactions in Escherichia coli. Adv Biochem Eng 
Biotechnol 48:29-52. 
Baker, JO, JR McCarley, R Lovett, CH Yu, WS Adney, TR Rignall, TB Vinzant, SR 
Decker, J Sakon, ME Himmel. 2005. Catalytically enhanced endocellulase 
Cel5A from Acidothermus cellulolyticus. Appl Biochem Biotechnol 121-
124:129-148. 
Becker, D, C Braet, H Brumer, 3rd, et al. 2001. Engineering of a glycosidase Family 
7 cellobiohydrolase to more alkaline pH optimum: the pH behaviour of 
Trichoderma reesei Cel7A and its E223S/ A224H/L225V/T226A/D262G 
mutant. Biochem J 356:19-30. 
Benkovic, SJ, S Hammes-Schiffer. 2003. A perspective on enzyme catalysis. 
Science 301:1196-1202. 
References  
89 
 
Birbir, M, B Calli, B Mertoglu, R Bardavid, A Oren, M Ogmen, A Ogan. 2007. 
Extremely halophilic Archaea from Tuz Lake, Turkey, and the adjacent 
Kaldirim and Kayacik salterns. World J Microbiol and Biotechnol 23:309-316. 
Blanusa, M, A Schenk, H Sadeghi, J Marienhagen, U Schwaneberg. 2010. 
Phosphorothioate-based ligase-independent gene cloning (PLICing): An 
enzyme-free and sequence-independent cloning method. Anal Biochem 
406:141-146. 
Boer, H, A Koivula. 2003. The relationship between thermal stability and pH optimum 
studied with wild-type and mutant Trichoderma reesei cellobiohydrolase 
Cel7A. Eur J Biochem 270:841-848. 
Boschker, HTS, TE Cappenberg. 1994. A Sensitive Method Using 4-
Methylumbelliferyl-ß-Cellobiose as a substrate to measure (1,4)-ß-glucanase 
activity in sediments. Appl Environ Microbiol 60:3592-3596. 
Botstein, D, D Shortle. 1985. Strategies and Applications of in vitro mutagenesis. 
Science 229:1193-1201. 
Cabrita, LD, W Dai, SP Bottomley. 2006. A family of E. coli expression vectors for 
laboratory scale and high throughput soluble protein production. BMC 
Biotechnol 6:12. 
Chandra, RP, R Bura, WE Mabee, A Berlin, X Pan, JN Saddler. 2007. Substrate 
Pretreatment: The Key to Effective Enzymatic Hydrolysis of Lignocellulosics? 
Adv Biochem Eng Biotechnol 108:67-93. 
Chen, K, FH Arnold. 1993. Tuning the activity of an enzyme for unusual 
environments: sequential random mutagenesis of subtilisin E for catalysis in 
dimethylformamide. Proceedings of the National Academy of Sciences 
90:5618-5622. 
Chernoglazov, VM, AN Jafarova, AA Klyosov. 1989. Continuous photometric 
determination of endo-1,4-ß-d-glucanase (cellulase) activity using 4-
methylumbelliferyl-ß-d-cellobioside as a substrate. Anal Biochem 179:186-
189. 
Cherry, JR, AL Fidantsef. 2003. Directed evolution of industrial enzymes: an update. 
Curr Opin Biotechnol 14:438-443. 
Chusacultanachai, S, Y Yuthavong. 2004. Random mutagenesis strategies for 
construction of large and diverse clone libraries of mutated DNA fragments. 
Methods Mol Biol 270:319-334. 
References  
90 
 
Cipolla, L. 2004. Combinatorial Libraries of Biocatalysts: Application and Screening. 
Comb Chem High Throughput Screen 7:101-114. 
Cowan, DA. 2000. Microbial genomes – the untapped resource. Trends Biotechnol 
18:14-16. 
Dalby, PA. 2003. Optimising enzyme function by directed evolution. Curr Opin in 
Struct Biol 13:500-505. 
Daniel, R. 2004. The soil metagenome – a rich resource for the discovery of novel 
natural products. Curr Opin Biotechnol 15:199-204. 
Darvari, R, V Hasirci. 1996. Pesticide and model drug release from 
carboxymethylceullose microspheres. J Microencapsul 13:9-24. 
Datta, S, B Holmes, JI Park, Z Chen, DC Dibble, M Hadi, HW Blanch, BA Simmons, 
R Sapra. 2010. Ionic liquid tolerant hyperthermophilic cellulases for biomass 
pretreatment and hydrolysis. Green Chem 12:338-345. 
Deetlefs, M, KR Seddon. 2010. Assessing the greenness of some typical laboratory 
ionic liquid preparations. Green Chem 12:17-30. 
Deshpande, MV, KE Eriksson, LG Pettersson. 1984. An assay for selective 
determination of exo-1,4,-beta-glucanases in a mixture of cellulolytic enzymes. 
Anal Biochem 138:481-487. 
Despotovic, D, L Vojcic, R Prodanovic, R Martinez, KH Maurer, U Schwaneberg. 
2012. Fluorescent Assay for Directed Evolution of Perhydrolases. J Biomol 
Screen 17:796-805. 
Domínguez de Maria, P, Z Maugeri. 2011. Ionic liquids in biotransformations: from 
proof-of-concept to emerging deep-eutectic-solvents. Curr Opin Chem Biol 
15:220-225. 
Duan, Y, C Wu, S Chowdhury, et al. 2003. A point-charge force field for molecular 
mechanics simulations of proteins based on condensed-phase quantum 
mechanical calculations. J Comput Chem 24:1999-2012. 
Escovar-Kousen, JM, D Wilson, D Irwin. 2004. Integration of computer modeling and 
initial studies of site-directed mutagenesis to improve cellulase activity on 
Cel9A from Thermobifida fusca. Appl Biochem Biotechnol 113-116:287-297. 
Esteghlalian, AR, V Srivastava, NR Gilkes, DG Kilburn, RAJ Warren, JN Saddler. 
2001. Do Cellulose Binding Domains Increase Substrate Accessibility? Appl 
Biochem Biotechnol 91-93:575-592. 
References  
91 
 
Fallah-Araghi, A, JC Baret, M Ryckelynck, AD Griffiths. 2012. A completely in vitro 
ultrahigh-throughput droplet-based microfluidic screening system for protein 
engineering and directed evolution. Lab Chip 12:882-891. 
Francisco, M, MC Kroon, A Van den Bruinhorst. 2012. New natural and renewable 
low transition temperature mixtures (LTTMs): screening as solvents for 
lignocellulosic biomass processing. Green Chem:2153-2157. 
Gao, ZM, LW Ruan, XL Chen, YZ Zhang, X Xu. 2010. A novel salt-tolerant endo-
beta-1,4-glucanase Cel5A in Vibrio sp G21 isolated from mangrove soil. Appl 
Microbiol Biotechnol 87:1373-1382. 
Gilkes, NR, RA Warren, RC Miller, DG Kilburn. 1988. Precise excision of the 
cellulose binding domains from two Cellulomonas fimi cellulases by a 
homologous protease and the effect on catalysis. J Biol Chem 263:10401-
10407. 
Gonzalez-Blasco, G, J Sanz-Aparicio, B Gonzalez, JA Hermoso, J Polaina. 2000. 
Directed evolution of beta -glucosidase A from Paenibacillus polymyxa to 
thermal resistance. J Biol Chem 275:13708-13712. 
Gorke, J, F Srienc, R Kazlauskas. 2010. Toward advanced ionic liquids. Polar, 
enzyme-friendly solvents for biocatalysis. Biotechnol Bioprocess Eng 15:40-
53. 
Gorke, JT, F Srienc, RJ Kazlauskas. 2008. Hydrolase-catalyzed biotransformations 
in deep eutectic solvents. Chem Commun:1235-1237. 
Grande, PM, P Domínguez de Maria. 2012. Enzymatic hydrolysis of microcrystalline 
cellulose in concentrated seawater. Bioresour Technol 104:799-802. 
Gustafsson, C, S Govindarajan, J Minshull. 2004. Codon bias and heterologous 
protein expression. Trends Biotechnol 22:346-353. 
Güven, G, R Prodanovic, U Schwaneberg. 2010. Protein Engineering - An Option for 
Enzymatic Biofuel Cell Design. Electroanalysis 22:765-775. 
Hanahan, D. 1983. Studies on transformation of Escherichia coli with plasmids. J Mol 
Biol 166:557-580. 
Hanahan, D, J Jessee, FR Bloom. 1991. Plasmid transformation of Escherichia coli 
and other bacteria. Methods Enzymol 204:63-113. 
Handelsman, J, MR Rondon, SF Brady, J Clardy, RM Goodman. 1998. Molecular 
biological access to the chemistry of unknown soil microbes: a new frontier for 
natural products. Chem Biol 5:R245-R249. 
References  
92 
 
Heer, D, U Sauer. 2008. Identification of furfural as a key toxin in lignocellulosic 
hydrolysates and evolution of a tolerant yeast strain. Microb Biotechnol 1:497-
506. 
Heinze, T, K Schwikal, S Barthel. 2005. Ionic Liquids as Reaction Medium in 
Cellulose Functionalization. Macromol Biosci 5:520-525. 
Henne, A, RA Schmitz, M Bömeke, G Gottschalk, R Daniel. 2000. Screening of 
Environmental DNA Libraries for the Presence of Genes Conferring Lipolytic 
Activity on Escherichia coli. Appl Environ Microbiol 66:3113-3116. 
Henrissat, B, RAJ Warren. 1998. A scheme for designating enzymes that hydrolyse 
the polysaccharides in the cell walls of plants. FEBS Lett 425:352-354. 
Heyland, J, LM Blank, A Schmid. 2011. Quantification of metabolic limitations during 
recombinant protein production in Escherichia coli. J Biotechnol 155:178-184. 
Himmel, ME, SY Ding, DK Johnson, WS Adney, MR Nimlos, JW Brady, TD Foust. 
2007. Biomass recalcitrance: Engineering plants and enzymes for biofuels 
production. Science 315:804-807. 
Hirasawa, K, K Uchimura, M Kashiwa, WD Grant, S Ito, T Kobayashi, K Horikoshi. 
2006. Salt-activated endoglucanase of a strain of alkaliphilic Bacillus 
agaradhaerens. Antonie Van Leeuwenhoek 89:211-219. 
Hoffmann, F, U Rinas. 2004. Stress induced by recombinant protein production in 
Escherichia coli. Adv Biochem Eng Biotechnol 89:73-92. 
Hoffmann, F, J Weber, U Rinas. 2002. Metabolic adaptation of Escherichia coli 
during temperature-induced recombinant protein production: 1. Readjustment 
of metabolic enzyme synthesis. Biotechnol Bioeng 80:313-319. 
Hughes, S, S Riedmuller, J Mertens, X-L Li, K Bischoff, N Qureshi, M Cotta, P 
Farrelly. 2006. High-throughput screening of cellulase F mutants from 
multiplexed plasmid sets using an automated plate assay on a functional 
proteomic robotic workcell. Proteome Sci 4:10. 
Ilmberger, N, D Meske, J Juergensen, et al. 2011. Metagenomic cellulases highly 
tolerant towards the presence of ionic liquids—linking thermostability and 
halotolerance. Appl Microbiol Biotechnol 95:135-146. 
Jäger, G, M Girfoglio, F Dollo, R Rinaldi, H Bongard, U Commandeur, R Fischer, AC 
Spiess, J Büchs. 2011. How recombinant swollenin from Kluyveromyces lactis 
affects cellulosic substrates and accelerates their hydrolysis. Biotechnol 
Biofuels 4. 
References  
93 
 
Jakalian, A, DB Jack, CI Bayly. 2002. Fast, efficient generation of high-quality atomic 
charges. AM1-BCC model: II. Parameterization and validation. J Comput 
Chem 23:1623-1641. 
Johannes, TW, H Zhao. 2006. Directed evolution of enzymes and biosynthetic 
pathways. Curr Opin in Microbiol 9:261-267. 
Joshi, B, MR Bhatt, D Sharma, J Joshi, R Malla, L Sreerama. 2011. Lignocellulosic 
ethanol production: Current practices and recent developments. Biotechnol 
Mol Biol Rev 6:172-182. 
Kamel, S, N Ali, K Jahangir, SM Shah, AA El-Gendy. 2008. Pharmaceutical 
significance of cellulose: A review. eXPRESS Polymer Letters 2:758-778. 
Kataeva, IA, VN Uversky, JM Brewer, F Schubot, JP Rose, BC Wang, LG Ljungdahl. 
2004. Interactions between immunoglobulin-like and catalytic modules in 
Clostridium thermocellum cellulosomal cellobiohydrolase CbhA. Protein Eng 
Des Sel 17:759-769. 
Kemmer, C, DA Fluri, U Witschi, A Passeraub, A Gutzwiller, M Fussenegger. 2011. A 
designer network coordinating bovine artificial insemination by ovulation-
triggered release of implanted sperms. J Control Release 150:23-29. 
Kim, Y-S, H-C Jung, J-G Pan. 2000. Bacterial Cell Surface Display of an Enzyme 
Library for Selective Screening of Improved Cellulase Variants. Appl Environ 
Microbiol 66:788-793. 
Kintses, B, C Hein, MF Mohamed, M Fischlechner, F Courtois, C Laine, F Hollfelder. 
2012. Picoliter cell lysate assays in microfluidic droplet compartments for 
directed enzyme evolution. Chem Biol 19:1001-1009. 
Kirk, O, TV Borchert, CC Fuglsang. 2002. Industrial enzyme applications. Curr Opin 
Biotechnol 13:345-351. 
Kohring, S, J Wiegel, F Mayer. 1990. Subunit Composition and Glycosidic Activities 
of the Cellulase Complex from Clostridium thermocellum JW20. Appl Environ 
Microbiol 56:3798-3804. 
Koyanagi, T, E Yoshida, H Minami, T Katayama, H Kumagai. 2008. A rapid, simple, 
and effective method of constructing a randomly mutagenized plasmid library 
free from ligation. Biosci Biotechnol Biochem 72:1134-1137. 
Krieger, E, T Darden, SB Nabuurs, A Finkelstein, G Vriend. 2004. Making optimal 
use of empirical energy functions: force-field parameterization in crystal space. 
Proteins 57:678-683. 
References  
94 
 
Krieger, E, G Koraimann, G Vriend. 2002. Increasing the precision of comparative 
models with YASARA NOVA-a self-parameterizing force field. Proteins 
47:393-402. 
Krieger, E, SB Nabuurs, G Vriend. 2003. Homology modeling. Methods Biochem 
Anal 44:509-523. 
Krishna, SH, TJ Reddy, GV Chowdary. 2001. Simultaneous saccharification and 
fermentation of lignocellulosic wastes to ethanol using a thermotolerant yeast. 
Bioresour Technol 77:193-196. 
Kumar, R, CE Wyman. 2009. Access of cellulase to cellulose and lignin for poplar 
solids produced by leading pretreatment technologies. Biotechnol Prog 
25:807-819. 
Laemmli, UK. 1970. Cleavage of structural proteins during the assembly of the head 
of bacteriophage T4. Nature 227:680-685. 
Lan Tee, K, U Schwaneberg. , 2007. Directed Evolution of Oxygenases: Screening 
Systems, Success Stories and Challenges. Comb Chem High Throughput 
Screen 10:197-217. 
Leemhuis, H, RM Kelly, L Dijkhuizen. 2009. Directed evolution of enzymes: Library 
screening strategies. IUBMB Life 61:222-228. 
Lehmann, C, F Sibilla, Z Maugeri, WR Streit, PDd María, R Martinez, U 
Schwaneberg. 2012. Reengineering CelA2 cellulase for hydrolysis in aqueous 
solutions of deep eutectic solvents and concentrated seawater. Green Chem 
14:2719-2726. 
Lever, M. 1972. New Reaction for Colorimetric Determination of Carbohydrates. Anal 
Biochem 47:273-279. 
Li, A, Z Kato, H Ohnishi, K Hashimoto, E Matsukuma, K Omoya, Y Yamamoto, N 
Kondo. 2003. Optimized gene synthesis and high expression of human 
interleukin-18. Protein Expr Purif 32:110-118. 
Li, LL, SR McCorkle, S Monchy, S Taghavi, D van der Lelie. 2009. Bioprospecting 
metagenomes: glycosyl hydrolases for converting biomass. Biotechnol 
Biofuels 2:10. 
Liang, C, M Fioroni, F Rodríguez-Ropero, Y Xue, U Schwaneberg, Y Ma. 2011a. 
Directed evolution of a thermophilic endoglucanase (Cel5A) into highly active 
Cel5A variants with an expanded temperature profile. J Biotechnol 154:46-53. 
References  
95 
 
Liang, C, Y Xue, M Fioroni, F Rodríguez-Ropero, C Zhou, U Schwaneberg, Y Ma. 
2011b. Cloning and characterization of a thermostable and halo-tolerant 
endoglucanase from Thermoanaerobacter tengcongensis MB4. Appl Microbiol 
Biotechnol 89:315-326. 
Lin-Chao, S, WT Chen, TT Wong. 2006. High copy number of the pUC plasmid 
results from a Rom/Rop-suppressible point mutation in RNA II. Molecular 
Microbiology 6:3385-3393. 
Lin, CSK, R Luque, JH Clark, C Webb, C Du. 2011. A seawater-based biorefining 
strategy for fermentative production and chemical transformations of succinic 
acid. Energy Environ Sci 4:1471-1479. 
Lindberg, D, M de la Fuente Revenga, M Widersten. 2010. Deep eutectic solvents 
(DESs) are viable cosolvents for enzyme-catalyzed epoxide hydrolysis. J 
Biotechnol 147:169-171. 
Linder, M, G Lindeberg, T Reinikainen, TT Teeri, G Pettersson. 1995. The difference 
in affinity between two fungal cellulose-binding domains is dominated by a 
single amino acid substitution. FEBS Lett 372:96-98. 
Lipovsek, D, E Antipov, KA Armstrong, MJ Olsen, AM Klibanov, B Tidor, KD Wittrup. 
2007. Selection of horseradish peroxidase variants with enhanced 
enantioselectivity by yeast surface display. Chem Biol 14:1176-1185. 
Lynd, LR, WH van Zyl, JE McBride, M Laser. 2005. Consolidated bioprocessing of 
cellulosic biomass: an update. Curr Opin Biotechnol 16:577-583. 
Lynd, LR, PJ Weimer, WH van Zyl, IS Pretorius. 2002. Microbial Cellulose Utilization: 
Fundamentals and Biotechnology. Microbiol Mol Biol Rev 66:506-577. 
Maia, E, A Peguy, S Pérez. 1981. Cellulose organic solvents. I. The structures of 
anhydrous N-methylmorpholine N-oxide and N-methylmorpholine N-oxide 
monohydrate. Acta Cryst 37:1858-1862. 
Mansfield, SD, C Mooney, JN Saddler. 1999. Substrate and Enzyme Characteristics 
that Limit Cellulose Hydrolysis. Biotechnol Prog 15:804-816. 
Margesin, R, F Schinner. 2001. Potential of halotolerant and halophilic 
microorganisms for biotechnology. Extremophiles 5:73-83. 
Martinez, R, F Jakob, R Tu, P Siegert, KH Maurer, U Schwaneberg. 2013. Increasing 
activity and thermal resistance of Bacillus gibsonii alkaline protease (BgAP) by 
directed evolution. Biotechnol Bioeng 110:711-720. 
References  
96 
 
Matsumura, I, LA Rowe. 2005. Whole plasmid mutagenic PCR for directed protein 
evolution. Biomol Eng 22:73-79. 
Matsuura, T, T Yomo. 2006. In vitro evolution of proteins. J Biosci Bioeng 101:449-
456. 
Mazza, M, D-A Catana, C Vaca-Garcia, C Cecutti. 2009. Influence of water on the 
dissolution of cellulose in selected ionic liquids. Cellulose 16:207-215. 
McCarthy, JK, A Uzelac, DF Davis, DE Eveleigh. 2004. Improved catalytic efficiency 
and active site modification of 1,4-beta-D-glucan glucohydrolase A from 
Thermotoga neapolitana by directed evolution. J Biol Chem 279:11495-11502. 
McCullum, EO, BA Williams, J Zhang, JC Chaput. 2010. Random mutagenesis by 
error-prone PCR. Methods Mol Biol 634:103-109. 
Mead, JAR, JN Smith, RT Williams. 1955. Studies in detoxication. 67. The 
biosynthesis of the glucuronides of umbelliferone and 4-methylumbelliferone 
and their use in fluorimetric determination of beta-glucuronidase. Biochem 
J:570-574. 
Miller, GL. 1959. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing 
Sugar. Anal Chem 31:426-428. 
Miller, RF. 2011. Patent US20110207633 - Deep eutectic solvents and applications. 
Mills, DR, RL Peterson, S Spiegelman. 1967. An extracellular Darwinian experiment 
with a self-duplicating nucleic acid molecule. Proceedings of the National 
Academy of Sciences of the United States of America 58:217-224. 
Miyamoto, S, PA Kollman. 1992. Settle - an Analytical Version of the Shake and 
Rattle Algorithm for Rigid Water Models. J Comput Chem 13:952-962. 
Miyazaki, K. 2003. Creating random mutagenesis libraries by megaprimer PCR of 
whole plasmid (MEGAWHOP). Methods Mol Biol 231:23-28. 
Miyazaki, K. 2011. MEGAWHOP cloning: a method of creating random mutagenesis 
libraries via megaprimer PCR of whole plasmids. Methods Enzymol 498:399-
406. 
Miyazaki, K, M Takenouchi. 2002. Creating random mutagenesis libraries using 
megaprimer PCR of whole plasmid. BioTechniques 33:1033-1034, 1036-1038. 
Morera, S, A Vigouroux, KA Stubbs. 2011. A potential fortuitous binding of inhibitors 
of an inverting family GH9 beta-glycosidase derived from isofagomine. Org 
Biomol Chem 9:5945-5947. 
References  
97 
 
Mosier, N, C Wyman, B Dale, R Elander, YY Lee, M Holtzapple, M Ladisch. 2005. 
Features of promising technologies for pretreatment of lignocellulosic 
biomass. Bioresour Technol 96:673-686. 
Murashima, K, A Kosugi, RH Doi. 2002. Thermostabilization of cellulosomal 
endoglucanase EngB from Clostridium cellulovorans by in vitro DNA 
recombination with non-cellulosomal endoglucanase EngD. Mol Microbiol 
45:617-626. 
Oren, A. 2002. Diversity of halophilic microorganisms: environments, phylogeny, 
physiology, and applications. J Ind Microbiol Biotechnol 28:56-63. 
Percival Zhang, YH, ME Himmel, JR Mielenz. 2006. Outlook for cellulase 
improvement: screening and selection strategies. Biotechnol Adv 24:452-481. 
Pereira, JH, R Sapra, JV Volponi, CL Kozina, B Simmons, PD Adams. 2009. 
Structure of endoglucanase Cel9A from the thermoacidophilic Alicyclobacillus 
acidocaldarius. Acta Cryst 65:744-750. 
Pham, TPT, CWC Cho, YS Yun. 2010. ScienceDirect - Water Research: 
Environmental fate and toxicity of ionic liquids: A review. Water Res 2:352-
372. 
Philippidis, GP, TK Smith, CE Wyman. 1993. Study of the Enzymatic-Hydrolysis of 
Cellulose for Production of Fuel Ethanol by the Simultaneous Saccharification 
and Fermentation Process. Biotechnol Bioeng 41:846-853. 
Pottkamper, J, P Barthen, N Ilmberger, U Schwaneberg, A Schenk, M Schulte, N 
Ignatiev, WR Streit. 2009. Applying metagenomics for the identification of 
bacterial cellulases that are stable in ionic liquids. Green Chem 11:957-965. 
Rai, M, H Padh. 2001. Expression systems for production of heterologous proteins. 
Current Science 80:1121-1128. 
Rignall, TR, JO Baker, SL McCarter, WS Adney, TB Vinzant, SR Decker, ME 
Himmel. 2002. Effect of single active-site cleft mutation on product specificity 
in a thermostable bacterial cellulase. Appl Biochem Biotechnol 98-100:383-
394. 
Rondon, MR, PR August, AD Bettermann, et al. 2000. Cloning the soil metagenome: 
a strategy for accessing the genetic and functional diversity of uncultured 
microorganisms. Appl Environ Microbiol 66:2541-2547. 
References  
98 
 
Ruff, AJ, A Dennig, G Wirtz, M Blanusa, U Schwaneberg. 2012. 1.Flow Cytometer-
Based High-Throughput Screening System for Accelerated Directed Evolution 
of P450 Monooxygenases. ACS Catalysis 2:2724-2728  
Saloheimo, M, M Paloheimo, S Hakola, J Pere, B Swanson, E Nyyssönen, A Bhatia, 
M Ward, M Penttilä. 2002. Swollenin, a Trichodermareesei protein with 
sequence similarity to the plant expansins, exhibits disruption activity on 
cellulosic materials. Eur J Biochem 269:4202-4211. 
Salvador, AC, MD Santos, JA Saraiva. 2010. Effect of the ionic liquid [bmim]Cl and 
high pressure on the activity of cellulase. Green Chem 12:632-635. 
Sambrook, J, DW Russell. 2001. Molecular cloning: a laboratory manual: CSHL 
Press. 
Sandgren, M, PJ Gualfetti, A Shaw, LS Gross, M Saldajeno, AG Day, TA Jones, C 
Mitchinson. 2003. Comparison of family 12 glycoside hydrolases and recruited 
substitutions important for thermal stability. Protein Sci 12:848-860. 
Sass, S, M Kadow, K Geitner, ML Thompson, L Talmann, D Bottcher, M Schmidt, UT 
Bornscheuer. 2012. A high-throughput assay method to quantify Baeyer-
Villiger monooxygenase activity. Tetrahedron 68:7575-7580. 
Schmidt-Dannert, C. 2001. Directed Evolution of Single Proteins, Metabolic 
Pathways, and Viruses. Biochem 40:13125-13136. 
Schmidt-Dannert, C, FH Arnold. 1999. Directed evolution of industrial enzymes. 
Trends Biotechnol 17:135-136. 
Schubot, FD, IA Kataeva, J Chang, AK Shah, LG Ljungdahl, JP Rose, B-C Wang. 
2011. Structural Basis for the Exocellulase Activity of the Cellobiohydrolase 
CbhA from Clostridium thermocellum. Biochem 43:1163-1170. 
Seng Wong, T, FH Arnold, U Schwaneberg. 2004. Laboratory evolution of 
cytochrome P450 BM-3 monooxygenase for organic cosolvents. Biotechnol 
Bioeng 85:351-358. 
Shankar, M, R Priyadharshini, P Gunasekaran. 2009. Quantitative digital image 
analysis of chromogenic assays for high throughput screening of α-amylase 
mutant libraries. Biotechnol Lett 31:1197-1201. 
Shih, YP, WM Kung, JC Chen, CH Yeh, AH Wang, TF Wang. 2002. High-throughput 
screening of soluble recombinant proteins. Protein Sci 11:1714-1719. 
References  
99 
 
Shivange, AV, J Marienhagen, H Mundhada, A Schenk, U Schwaneberg. 2009. 
Advances in generating functional diversity for directed protein evolution. Curr 
Opin Chem Biol 13:19-25. 
Shivange, AV, A Serwe, A Dennig, D Roccatano, S Haefner, U Schwaneberg. 2012. 
Directed evolution of a highly active Yersinia mollaretii phytase. Appl Microbiol 
Biotechnol 95:405-418. 
Singh, A, K Hayashi. 1995. Microbial cellulases: protein architecture, molecular 
properties and biosynthesis. Adv Appl Microbiol 40:1-44. 
Sorensen, HP, KK Mortensen. 2005. Advanced genetic strategies for recombinant 
protein expression in Escherichia coli. J Biotechnol 115:113-128. 
Stemmer, WPC. 1994. Rapid evolution of a protein in vitro by DNA shuffling. Nature 
370:389-391. 
Sun, Y, J Cheng. 2002. Hydrolysis of lignocellulosic materials for ethanol production: 
a review. Bioresour Technol 83:1-11. 
Swatloski, RP, SK Spear, JD Holbrey, RD Rogers. 2002. Dissolution of cellose with 
ionic liquids. J Am Chem Soc 124:4974-4975. 
Taherzadeh, MJ, K Karimi. 2008. Pretreatment of lignocellulosic wastes to improve 
ethanol and biogas production: A review. Int J Mol Sci 9:1621-1651. 
Tee, KL, U Schwaneberg. 2006. A screening system for the directed evolution of 
epoxygenases: importance of position 184 in P450 BM3 for stereoselective 
styrene epoxidation. Angew Chem Int Ed Engl 45:5380-5383. 
Tee, KL, U Schwaneberg. 2007. Directed evolution of oxygenases: screening 
systems, success stories and challenges. Comb Chem High Throughput 
Screen 10:197-217. 
Teeri, TT. 1997. Crystalline cellulose degradation: new insight into the function of 
cellobiohydrolases. Trends Biotechnol 15:160-167. 
Ten, LN, WT Im, MK Kim, MS Kang, ST Lee. 2004. Development of a plate 
technique for screening of polysaccharide-degrading microorganisms by using 
a mixture of insoluble chromogenic substrates. J Microbiol Methods 56:375-
382. 
Tu, R, R Martinez, R Prodanovic, M Klein, U Schwaneberg. 2011. A flow cytometry-
based screening system for directed evolution of proteases. J Biomol Screen 
16:285-294. 
References  
100 
 
Turner, MB, SK Spear, JG Huddleston, JD Holbrey, RD Rogers. 2003. Ionic liquid 
salt-induced inactivation and unfolding of cellulase from Trichoderma reesei. 
Green Chem 5:443-447. 
Wang, C, Y Hsieh, C Ng, H Chan, H Lin, W Tzeng, Y Shyu. 2009. Purification and 
characterization of a novel halostable cellulase from Salinivibrio sp. strain 
NTU-05. Enzym Microb Technol 44:373-379. 
Wang, JM, RM Wolf, JW Caldwell, PA Kollman, DA Case. 2004. Development and 
testing of a general amber force field. J Comput Chem 25:1157-1174. 
Wang, T, X Liu, Q Yu, X Zhang, Y Qu, P Gao, T Wang. 2005. Directed evolution for 
engineering pH profile of endoglucanase III from Trichoderma reesei. Biomol 
Eng 22:89-94. 
Wang, W, BA Malcolm. 1999. Two-stage PCR protocol allowing introduction of 
multiple mutations, deletions and insertions using QuikChange Site-Directed 
Mutagenesis. Biotechniques 26:680-682. 
Wilson, DB. 2009. Cellulases and biofuels. Curr Opin Biotechnol 20:295-299. 
Wong, TS, KL Tee, B Hauer, U Schwaneberg. 2004. Sequence saturation 
mutagenesis (SeSaM): a novel method for directed evolution. Nucleic Acids 
Res 32. 
Wong, TS, D Zhurina, U Schwaneberg. 2006. The diversity challenge in directed 
protein evolution. Comb Chem High Throughput Screen 9:271-288. 
Wood, N, G Stephens. 2010. Accelerating the discovery of biocompatible ionic 
liquids. Physical Chemistry Chemical Physics 12. 
Xue, GP, JS Johnson, KL Bransgrove, K Gregg, CE Beard, BP Dalrymple, KS 
Gobius, JH Aylward. 1997. Improvement of expression and secretion of a 
fungal xylanase in the rumen bacterium Butyrivibrio fibrisolvens OB156 by 
manipulation of promoter and signal sequences. J Biotechnol 54:139-148. 
Zagrebelny, SN. 2005. Directed evolution as an approach to the design of efficient 
biocatalysts. Russ Chem Rev 74:285-296. 
Zeyaullah, M, MR Kamli, B Islam, M Atif, FA Benkhayal, M Nehal, MA Rizvi, A Ali. 
2009. Metagenomics - An advanced approach for noncultivable micro-
organisms. Biotechnol Mol Biol Rev 4:49-54. 
Zhang, GM, SY Li, YF Xue, LW Mao, YH Ma. 2012a. Effects of salts on activity of 
halophilic cellulase with glucomannanase activity isolated from alkaliphilic and 
halophilic Bacillus sp BG-CS10. Extremophiles 16:35-43. 
References  
101 
 
Zhang, QH, M Benoit, KD Vigier, J Barrault, F Jerome. 2012b. Green and 
Inexpensive Choline-Derived Solvents for Cellulose Decrystallization. Chem 
Eur J 18:1043-1046. 
Zhao, H, GA Baker, S Holmes. 2011. New eutectic ionic liquids for lipase activation 
and enzymatic preparation of biodiesel. Org Biomol Chem 9:1908-1916. 
Zhao, H, L Giver, Z Shao, JA Affholter, FH Arnold. 1998. Molecular evolution by 
staggered extension process (StEP) in vitro recombination. Nat Biotechnol 
16:258-261. 
Zhao, H, CIL Jones, GA Baker, S Xia, O Olubajo, VN Person. 2009. Regenerating 
cellulose from ionic liquids for an accelerated enzymatic hydrolysis. J 
Biotechnol 139:47-54. 
Zhu, L, KL Tee, D Roccatano, B Sonmez, Y Ni, Z-H Sun, U Schwaneberg. 2010. 
Directed Evolution of an Antitumor Drug (Arginine Deiminase PpADI) for 
Increased Activity at Physiological pH. ChemBioChem 11:691-697. 
 
Publications  
102 
 
Publications 
1) Lehmann, C.A, Jakob, F.A, Martinez, R., Schwaneberg, U. (2013) Increasing 
protein production by directed vector backbone evolution, AMB Express, 3(1):39, 
(Epub ahead of print, doi: 10.1186/2191-0855-3-39, A These authors contributed 
equally to this work) 
 
2) Lehmann, C., Sibilla, F., Maugeri, Z., Streit, W. R., de María, P. D., Martinez, 
R., Schwaneberg, U. (2012), Reengineering CelA2 cellulase for hydrolysis in 
aqueous solutions of deep eutectic solvents and concentrated seawater, Green 
Chem, 14, 2719-2726 
 
Coverpage for Green Chemistry: Volume 14, Number 10, October 2012 
 
3) Bähr, C., Leuchtle, B., Lehmann, C., Becker, J., Jeude, M., Peinemann, F., 
Arbter, R., Büchs, J. (2012), Dialysis shake flask for effective screening in fed-batch 
mode, Biochem Eng J, 69, 182-195 
 
4) Lehmann, C., Bocola, M., Martinez, R., Schwaneberg, U. High ionic strength-
activated cellulase variants generated by directed evolution (under preparation) 
 
Declaration 
103 
 
Declaration 
I hereby declare that all information in this document has been obtained and 
presented in accordance with academic rules and ethical conduct. I also declare that, 
as required by these rules and conduct, I have fully cited and referenced all material 
and results that are not original to this work. 
 
 
_____________________________ 
Christian Lehmann, Aachen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Curriculum vitae  
104 
 
Curriculum vitae 
 
Personal data 
Name:   Christian Lehmann 
Gender:  Male  
Birthday:  8th February, 1983 
Nationality:  German 
 
Education 
2009 – 2013 RWTH Aachen University, Aachen, Germany 
 PhD student 
 Thesis: “Optimization of cellulase CelA2 with improved performance 
in high ionic strength for the production of biofuels” 
2007 – 2009 RWTH Aachen University, Aachen, Germany 
Master of Science in Biotechnologie 
 Thesis: “Integration of an additional diffusion barrier in a membrane 
based fed batch system in shake flasks for the implementation of a 
delayed nutrient feeding” 
2004 – 2007 Hochschule Furtwangen University, Schwenningen, Germany 
Bachelor of Engineering in Biotechnologie 
 Thesis: “Assembly of a cellular detection system for the 
transglutaminase activity” 
1994 – 2002 Goethe Gymnasium, Gaggenau, Germany 
 
 
_____________________________ 
Christian Lehmann, Aachen 
